ABSTRACT

LEO M CHAEL BLADE. The efficiency of aqueous sodiumbisulfite as a
collection mediumfor formal dehyde, using the mdget inpinger and varying

sampling conditions, and the devel opnent of a vapor generation systemfor
use in the study. (Under the direction of AVEAM GOLD, PHD.)

Currently, the nost popular nethod for the collection of atnospheric
sanpl es of formal dehyde, known as the chromotropic acid nethod (and
publ i shed by the National Institute for Qccupational Safety and
Health [N'OSH as NICSH Method 3500), includes the use of an inpinger
containing aqueous sodiumbisulfite. Areviewof the |iterature indicated
that the docunentation of the collection efficiency for this method is
limted to only a few conbinations of air-flowrate, sanpling tine, and
ai rborne formal dehyde concentration, and the consequent normal sampling
tine is about 1 hr. This study evaluated the collection efficiency across
W de ranges of these factors for the purpose of extending the useful range
of the nethod. A laboratory apparatus was devel oped that can precisely
generate known airborne formal dehyde concentrations ranging from0.4 to 6.4
ppm and this generation apparatus was used to conduct the study. Very
good col [ ection efficiency, averaging 96% was found across a wide range of
each of the three factors varied in the study. Specifically, flowrates
between 0.1 and 1 L/mn, sanpling tines between 1 and 4 hr, and
concentrations between 0.4 and 6.4 ppmwere determned to provide good
collection efficiency. An exception to this statement is that for the
combination of [ong sanpling times and high concentrations, a statistically

significant trend of declining efficiency was detected; however, It vas not
determned what physical significance the latter finding held.
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I NTRODUCTI ON

For mal dehyde, the sinplest nmenber of the famly of hydrocarbon
compounds known as al dehydes (3), is a colorless, flammble gas with a
strong, pungent odor (136). It has a nol ecul ar wei ght of 30.05 (134),
its chemcal structure is Aﬁ =0 (3), and it is available
commercially in an aqueous 37% sol uti on known as Fornalin.
For mal dehyde (HCHO) is used as a feedstock in the synthetic chem ca
industry (123) and in the production of synthetic resins (92). It is

al so used as a disinfectant and tissue preservative (123).

The wi despread use of this chem cal provides many sources of the vapor
in the occupational and general environnent. The production and use of
HCHO wit hin the chem cal industry, the preparation, use, or presence of
f or mal dehyde- based resins during production and handl i ng of nany
i ndustrial and consumer products, and the use by consuners of
resin-containing products which evolve (or "off-gas") free formal dehyde
are sone sources of environnmental |evels of HCHO, as is the use of
Formalin in various activities such as enbal ning, disinfecting, and
others. Additionally, HCHO is formed during conbustion processes and
is present in engine »xhaust, cigarette snoke, and ot her

combusti on-process WaJtc z""-" (92").
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A | arge nunber of people are exposed to HCHO, both occupationally (92)
and non-occupationally (23), due to the many environnmental sources, and
this presents a serious industrial and environnental hygi ene problem
when the health effects of this conpound are considered. Its irritant
effects on the eyes, respiratory tract, and skin are well
recogni zed (7), and the relatively recent evidence of its ani nal
carcinogenicity (35) has raised concern that this inportant conmpound is
a potential carcinogen in htmeins (92). Because of this concern, both
the National Institute for Occupational Safety and Health (N GsSH) and
the Anerican Conference of Governnental Industrial Hygienists (ACGA H)
have revised and ti ghtened their recommendati ons for acceptable |evels

of occupational exposure to HCHO (7, 92).

Al of this activity has increased the need for accurate, versatile,

and practical nmethods for neasuring airborne concentrations of this
chem cal. Sanpling airborne HCHO by drawi ng the air through an aqueous
solution in a mdget inpinger, and anal yzing the solution for HCHO
usi ng the chronotropic acid procedure prescri bed by NIOCSH (45), has
remai ned very popul ar anong i ndustrial hygi eni sts, despite the
drawbacks of liquid sanpling nedia for use in the field (especially for
br eat hi ng-zone nmeasurenents). This is because the anal ytical nethod
has been well characterized in terns of accuracy, offers excell ent
sensitivity, and has the practical benefits of relatively quick and
unconplicated anal ysis, |ow cost, and proven durability (45). These

features contrast with those of sone of the newer nethods which call

for solid-sorbent ssunpling, offering the nore conveni ent sanpling
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t echni que but requiring highly sophisticated, costly anal ytica

t echni ques or having other serious drawbacks (20, 44).

The NI OSH net hod not ed above (i npingers/chronotropic acid) does have a
further disadvantage, which, unlike its relative inconvenience for
br eat hi ng-zone sanpling, can be corrected. This is a relative paucity
of information dociunenting the collection efficiency of the sanpling
met hod under a wi de range of conditions. Al though the literature
search conducted as part of this study (see Part 111.B. for a ful

description) found doctmientation of the collection efficiency under
certain conditions (60, 78, 86, 135), the effects of varying the flow
rate (particularly at the very low flow rates) and/or the sanmpling tine
(for exanple, up to 4 or 8 hours) are not well docunented. The
versatility of the nethod would be greatly increased if industrial

hygi eni sts could confidently collect sanples at reduced flow rates over
| onger portions of a workday (the former keeping total analyte mass to
a reasonable level, the latter allowing a sinpler sanpling strategy for
the hygienist). Therefore, this study was undertaken to provide the
data required to determne if these nodifications are feasible. It is
hoped that the results of this study are of value in inproving this
nmet hod, aiding industrial hygienists and other health professionals as
they work to better protect the health of industrial workers and of the

general public.
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OVERVI EW OF | NDUSTRI AL HYG ENE | MPLI CATIONS OF FORVALDEHYDE: A

LI TERATURE REVI EW

A. Physical and Chenical Properties

For mal dehyde is the sinplest menber of the family of hydrocarbons
known as al dehydes, which are characterized by the carbon-oxygen
doubl e bond and at | east one hydrogen atom bonded to that sane

R

carbon, as shown by the foll ow ng generic structure: C = 0 (where
H
R is an alkyl group) (3). The chemical and physical properties of

formal dehyde (HCHO are given in Table I1I-1

As noted in the Table, this conpound is very reactive, conbines
easily with nmany substances, and pol yneri zes easily. The
reactivity, and a versatile structure, endow formal dehyde with
perhaps its nost inportant characteristic: it can form in
conbi nation with other substances, conpounds known as "resin
precursors” which can |link together to form hi gh-nol ecul ar-wei ght
pol ynmeric structures. These pol ymers, known as "formnmal dehyde- based
resi ns”, include phenol -fornal dehyde, urea-fornmal dehyde, and

rael am nfc ~' ormal dehydt »--""in2 amoiig others (131). These resins,
whi ch have great commercial significance, and their chem stry are

di scussed by Wakerman (130) and others (131).
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Table Il1-1. Chemical and Physical Properties of Formal dehyde

Mol ecul ar Wei ght = 30. 05 Mol ecul ar Structure '#&ho
Physi cal state and description of pure conpound (§ 25''C, 760 mmHg):

gaseous, flammable and col orless, with suffocating, pungent odor
Physi cal properties:
density: of gas (6 25"C, 760 nmHg) = 1.067 (where air = 1.000)
of liquid (e -aCC) = 0.815 g/nL
boiling point: (@760 mHg) = -19.5'C, (6 400 mHg) = -33.CC
nmelting point = -ga'C
ignition tenperature = 300''C
solubility: very soluble in water (up to 55%;
sol ubl e in ethyl alcohol,ethyl ether
Chem cal properties, description:
very reactive, conbines readily with nany substances, polynerizes easily
Properties of 37% Aqueous Sol ution known as Formalin
conposi tion and physical description: 37% fornal dehyde by wei ght,
10- 15% nmet hanol (as a stabilizer); colorless aqueous liquid solution
density (@25°C) = 1.081 to 1.085 (where water @25''C = 1.000) = 9.1 Ib/ga
boiling point (6 760 nmHg) = geoC, flash point = 60''C

m scible with water, al cohol, acetone

Sources: The Merck Index, 10th Edition (136); CRC Handbook of Chenistry and
Physics, 63rd Edition (134)
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B. Uses in Industry sind Consuner Products

For mal dehyde (HCHO) is an inportant industrial chemi cal used in
many processes and in the production of many products (91, 136).
It has many pesticide uses: as a germcide, an insecticide, a
fungicide (136), a mldew retardant (as vapor fromthe
deconposition of the solid fornal dehyde pol ymer "paraf or nal dehyde")
(25), a general disinfectant and, medically, an antiseptic (7, 123,
136) (including use to disinfect kidney dialysis nachines [25]).
As a preservative (7, 136), HCHO is used extensively for tissue
preservation (123), such as in histology or simlar fields (25),
and in enbalmng fluids (7, 92, 123, 136). O her nedical (92) and
veterinary (136) uses are found. HCHO is al so used i n photography
and tanning (92, 136), fabric finishing (as dye fasteners) and
chem cal analysis (136), as a corrosion inhibitor (7), and in many
ot her processes (92, 136). The majority of the formal dehyde
produced in the United States, however, is used in the production

of other chemnical substances (14).

For mal dehyde i s used as a feedstock for nany organic
chemcals (7, 123, 131, 136), such as pentaerythritol,
hexanet hyl enet etram ne, acetyl ene derivatives, and vari ous
fertilizers (91), and in the production of dyes and
expl osives (136). Mst inportantly, however. It is used to produce
f or mal dehyde- based resin systens (14, 131, 136), which arfe used
primarily as binders for wood and paper products (such as particle

board, plywood, fiberboard, and various papers) (92), but have many
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ot her uses, such as inparting crease and shrink resistance (92) to
fabric used in clothing (25, 123). The production of these
versatile resins consuned over 60% of the estimated 5.2 billion Ib
of (aqueous 37% HCHO produced in the United States in 1983; al nost
40% of the domestic HCHO production was used to produce
urea- formal dehyde (UF) resins, while over 20% was used to produce
phenolic resins (14). In addition to UF and phenol -fornal dehyde
resins, nelam ne-fornal dehyde, pol yacetal, and other resins are
produced (7, 91, 131). The phenolic resins are used to construct
pl ywood, and alnost all of the UF resins are used as binders in
wood products (14). Other uses for UF resins include production of
foiims, such as UF foaminsulation (UFFI) (23), coatings, and paper

(92). Polyacetal resins can be used to mold plastics (92).

Sources and Corresponding Concentrations of Airborne Fornal dehyde

I nnumer abl e ant hropogenic activities are responsible for the
introduction of formal dehyde (HCHO into the air of workplaces,
homes and ot her non-occupational settings, and the ambient outdoor
environment. These activities can be divided into the follow ng
two broad categories: those involving the conbustion of materials,
and those which entail the production and/or use of products
contai ning fornal dehyde. The fornmer group includes combustion of a
wi de variety nf ore,''.-"ic-bar«' " nsterials, which may or may not
contai n HCHO t hens”xves. The latter group includes: (1) the
production of formal dehyde and its aqueous solutions; (2) the use

of HCHO and its solutions, either as end products or in the
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production of other materials via chemcal reactions and/or mxing
and, (3) the use of products and materials containing HCHO

Table I1-2 provides the levels of airborne HCHO associated with
many of the conbustion processes responsible for its evolution.
Table -3 contains the airborne concentrations associated with the
production and/or use of HCHO containing products. These
activities were described in the previous subsection (B.), and
include the use of HCHO as a preservative, pesticide, chemca

feedstock, and raw material for HCHO based resins; and the use of
these resins in paper, plywood, fabrics and other products.
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Tabl e 11-2. Conmbusti on Sources of HCHO and Associ ated Ai rborne Concentrations

Sour ce Type of Exposure Types of Sanpl es Level s (ppm * Not es Ref er ences
Scientific glassware- Qccupat i onal TWA, ** per sonal 0.42-0.64 25
decal application and area

Heati ng of acrylic,

pol ypropyl ene, poly-

et hyl ene; therno- Cccupat i onal Short-term area 0.37-0.73 25
cuttl ng of poly-

et hyl ene (91)

Wel di ng netal s

treated with Cccupati onal Short-term 0.05-1.2 99
synthetic-res in

corrosion inhibitors

Sol ders contai ni ng
col ophony resins Cccupati onal Short-term <0.1 99

Engi ne exhaust
(di esel and gasoline).
I nci nerator effluent,

coal -fired power Envi ronnent al Long- Term 0.04 avg
p.'.aits (37), Inconplete 0.06 avg. nmax
conbj stl on of nany 0.16 peak 5

or gani ¢ substances (136)

Cigarettes Non- occupati onal Source <0.1-1.0 107
TWA Per sonal 40 92
0. 38 ng/ pack Mai nstream 92 23
Gas- banl ng stoves Resi denti al Sour ce 15-25 nyg/ hr 23
Cooki ng Resi denti al 65
Ker:)sene heaters Resi denti al Sour ce 0.1-0.4 ug/ kJ of heat output 138

*unl ess not ed
** "WA = Ti ne-wei ght ed aver age
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Table 11-3. Ai rborne Concentrations of HCHO Associated with the Production and/or Use of HCHO Cont al ni ng
Prodiicts

Acti vity/ Use Type of Exposure Types of Sanpl es Level s(ppm Not es Ref er ences
Laboratories: formalin Cccupational 1-hr breathing zone 0.3-2.63 5%formalin 117
(1/2 embal m ng
bet ween sol uti ons

0.6 and 1.0)

personal (short- 1.9-2.3 25
and long-ternm) and
area (long-term

long-term (area 0.8-2.4 25
and personal)

personal TWA* <0.38-1.04 25
area (short- and
long-term 0.11-0. 41
Bnbal i ni ng Cccupat i onal short-terra 0.25-1.39 = range of the 7

nean val ues for

nmul tiple enbal ni ng
est abl i shnents

| ong-term area ND»**-1.99 enbal ming fluid 47
per sonal HD- 2. 93 was 6 to 52%

formalin by weight

Hospital s: formalin

—and policlinics Qccupat i onal short -term 0.05-3.5 99
—di al ysis unit Cccupati onal personal TWA 0.27-0.63 e 25
di si nfection area, long--term ND- 0. 90 o
area, real--tine 0. 04-0. 50 o
peak 0.9-1.6 15
peak 25 67
—aut opsy room Cccupat i onal 2.2-7.9 92

*  TWA = Ti ne- Wi ght ed Aver age
il intermttent use of Fornalin
*** KD = none detected
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Table 11-3. Airborne Concentrati ons of HCHO
HCHO- Cont ai ni ng Products

Activity/ Use Type of Exposure

Buil ding materials: resin binders
---nobil e hone Resi denti al

---energy-efficient Resi denti al
hone or buil di ng
—with furnishings Cccupational (office)

Resi dent i al

- al.'o, occupied Resi denti a

---Urea-fornal dehyde Cccupat i onal
to iminsulation

(i I*Fl') application

Textil e3: resins systens used
---textile manufacture Cccupational
(durabl e press et al.)

Types of Sanpl es

area
area
ar ea

ar ea

| ong-term

short-term
short-term
ar ea

ar ea

short-term

respirabl e dust
non-respirabl e dust

tduction and, “or Use of

Level sf ppm)

<0. 1-3.

0. 04-0.

ND

0. 041

0. 05-0.

0. 01-0.

0. 186

0.117-0. 218

<0. 08-2

0,1-0.5
<0. 1-1.
0.3-2.7

up to 4

0. 03-0.

0. 008-0. 01 based on range

68

12

.16

.12

77

93

.4

4

.2

15

Page Two

?l ot es Ref er ences

conpl ai nt ant
hones

two | ocati ons
five |l ocations

39

65

73

25

65

99

99

65

65

23

99
92
7

91

55

0. 001-0. 03 of free-HCHO content,

nmean dust | evel
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Table 11-3. Airborne Concentrati ons of HCHO

HCHO- Cont al ni ng Products

Activity/ Use

---durabl e-press

Type of Exposure

Cccupati ona

garnment manufact uring

---durabl e-press
garnent retail

Chem ca
---fertilizar

---dyestuffa

---unspecified spec-

Qccupati onal /

i ng Non- occupat i onal

pr-~duction: raw materi al

Cccupat i onal
Cccupati ona

Cccupati ona

ialty chenicals

Par af or mal dehyde
packagi ng

Shoe manuf act ur e:

Cccupati ona

Cccupati ona

(formalin, spraying)

Adhesi vas:
- --manuf acture

---use: |lam nation

Cccupati ona
Cccupat i ona

Types of Sanpl es

short-term
peak

ar ea,
ar ea,

personal, area

ar ea

personal short-term
area short-term

personal 8-hr TWA

area real -ti ne

short-term

short-term
short-term

i duction and/or Use of

Level s (ppBi) 99%4J

0. 03-0.94
0.39-1.12

0.13-0. 45

0.1-1.0

0.2-1.9
<0.1-5.9

0.04-1.6
0. 03-0. 43

<0. 25-0. 85
0. 28-3.40

0.9-2.7

0.8-3.5
0. 04- 8.

ar ea neans

Page Three

R M Arences

25

123
132

91

92
92

25

25

99

99
91
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Table I'1-3. Airborne Concentrations of

HCHO- Cont ai ni ng Products

Actl vltv/ Use

For mal dehyde- based resins and gl ues;
—anuf acture and CQccupati onal
appl i cation

-foundries:
nol d-core resins

Cccupati onal

---paper manufacture Cccupati onal
- paper bag manu- Cccupat i onal
facture

-particle board Cccupat i onal

manuf act ure

pl ywood manuf acture QOccupati onal

---wood furniture Cccupat i onal

manuf act ur e

---particle board Cccupati onal

cabi net manuf acture
El ectrical machi nery Cccupat i onal
manuf act ur e: I acquer,

treating plastic

. Constructi on:
car bani de | acquer

Cccupat i onal

St or age of sandpaper:
resin glue

Cccupat i onal

Car bonl ess copy formns Cccupati onal

Types of Sanpl es

t hei r appllilcetii oms

short-term

per sonal

per sonal

short-term

short-term

personal , area

short-term

short-term

short-terra

ar ea

per sonal

Sour ce

HCHO Associ ated with the Producti on and/or

Use of

Level s

_(Epm *

Rot Af |

<0.1-5.5

0.4 mean

2-

30 to treat paper
(1961 study)

2.7 mean

<0.02-18.3

0.

0.
0.

.14-0. 90

.33-0.72

18-3.9

14-0. 99
9-1.6

wet stock paper,
0.49-1.63 ny/g

.1-4.9
.08-2.7

.1-1.2

0-2.5

.01-1.1

.16-1. 69

.16, 3. 69

in effluent of air

passed by forns

Page Four

Ref

92
126
56
99
92
16

92
91

106

99
132

99
92
132
99

54

99

99

129

57
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D. Known

14

and Suspected Health Effects and Corresponding Air

Concentrati ons

1. Acute Effects

ani mal

Nurrer ous studies of the health effects of fornal dehyde have
been conducted on various ani nal species. Al though this
section is primarily concerned with the inhalation effects,
the toxicity studi es which have neasured the LD dose
Il evel for other routes of exposure provi de val uabl e
i nformati on which can indicate the relative acute toxicity
of fornal dehyde conpared to other chemicals. Table II1-4

provides this information for a variety of species.

Table I1-4. Acute Health Effects of Formal dehyde, Aninal Studies: LD50S (66)

Speci es

Rat
Rat
Rat
Mouse
Rabbi t

Dose, Rout e of
ng/ kg body wei ght Adni ni stration
800 or al
420 subcut aneous
87 i ntravenous
300 subcut aneous
070 der mal

QUi nea pig 260 01 al
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15

A common non-lethal effect is skin irritation by direct

dermal contact. This irritant effect has been seen in rats

end guinea pigs (7); sensitization was noted after repeated

appl ication.

The effects on animals of formal dehyde i nhal ati on have been
extensi vely studi ed. The npbst i nportant of these effects

involve the irritation of the respiratory system these are

summari zed in Table I1-5.

human

As in animals, fornal dehyde acts as an acute irritant in
humans. Direct contact with fornmal dehyde sol utions affects
primarily the site of contact, while the vapor primarily

affects the eyes and respiratory tract.

Direct skin contact can cause primary irritation or
allergic dermatitis (7). Ingestion has been reported to
cause gastrointestinal irritation and damage (i ncl udi ng
death) (91). Fornal dehyde reportedly has caused | asting
ocul ar djunage (7), although a 1976 study of a popul ati on
exposed to an average of 0.4 ppm found no significant

effects on visual performance related to exposure |evel or

degree of irritation.
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Table I1-5. Acute Respiratory Effects of Fornmal dehyde Inhal ati on, Aninmal Studies

Speci es

Guinea Pig
Mbuse; Rabbit

Rat (Fi scher 344)

Rat (Fischer 344),
Mouse (B6G3F1)

Gui nea Pig

* Other studies confirmlocal

Concentrati on,
ppm

700
700
810
15-16 (aerosol)
15-16 (aerosol)

15, 6, 2

0. 4-56

** Therefore, mce receive a | ower

necrosi s,

Exposur e
time

8 hr
2 hr
30 nmin
10 hr

10 hr

6 hr/d, 1-9d

10 mn

1 hr

effective dose.

Ef f ect

deat h
deat h

LG50

deat h

approx. LC50

Nasal cavity

i nflanmation at 15 ppm increased
replication of respiratory epithelia
cells at 6 and 15 ppm

dose- dependent depressi on of respiratory
rate; in rats only, mnute-volunme
conpensation. **

i ncreased airway resistance

by different route (intrapul monary injection).

Ref er ences

91

91

66

34

91
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For mal dehyde i nduces eye and respiratory tract irritation
in nost individuals above a vapor concentration in the 0.1
to 5 ppmrange (dependi ng upon individual sensitivity)

(92); however, it may induce synptons below 0.1 ppmin
i ndi viduals with bronchial hyperreactivity (23). O her
ef fects have been doci m ented above 0.25 ppm Eye
irritation only was dociunented in a popul ati on exposed to
0.13 to 0.45 ppm and anpng an tnacclimti zed group whose
exposure was only stated to be nuch less than 5 ppm (7);

eye irritation was al so docunented in a study group exposed
to an average of 0.4 ppm (132). However, another study
popul ati on exposed to 0.25 to 1.39 ppm suffered skin
irritation Jind headaches in addition to eye irritation

Simlarly, a study docunented eye and upper respiratory
irritation, headaches, and cough anpbng a group whose
exposure was only stated to be much |l ess than 3 ppm Two
occupational study groups, one exposed to 0.9 to 1.6 ppm
and the other to 0.3 to 2.7 ppm (average 0.68 ppm, were
found to experience irritation (to the eyes and skin in the
former group and to the mucous nenbranes in the latter) and
di sturbed sleep; the forner group al so experienced unusua

thirst. O her instances of eye and upper respiratory
irritation and general conmplaints of irritation have been
reppitid to occur in *-his range of concentrations. Mbst
reports agret that - Lolerance to a given |evel of
formal dehyde will develop in time in nost individuals.

Some suggest that sensitization will occur, but not nany

reports confirmthis (7).


NEATPAGEINFO:id=818E951A-82A8-4BBA-80DA-57E729F4F393


18

Above 10 ppm formal dehyde will induce in humans nore
severe irritation and other synptons. Between 10 and 20
ppm coughing, tightening in the chest, a sense of pressure
in the head, and palpitation of the heart nmay occur

Bet ween 50 and 100 ppm severe respiratory irritation wll
occur; single acute exposures to these | evels have produced

pul nonary edema (fluid in the lungs) and even death (92).

Chronic Effects

a. ani mal

The chronic effects of formal dehyde on non-htrai an organi sns
and tissues include carcinogenic, mutagenic, and other
effects. These "other effects,” mainly irritant in nature,

i nclude | ow body wei ght and nasal cavity | esi ons anpbng
groups of nobnkeys and rats exposed to airborne
concentrati ons of formal dehyde of 1 and 3 ppm al npst

continuously (22 hr/d) for 26 wk, as well as groups of
Fi sher 344 rats and B6C3F1 nice exposed to 2, 6, and 15 ppm
for 6 hr/d, 5d/wk, for up to 24 no (66). The Fisher 344
rats and the mce al so devel oped tracheal lesions. In
ot her studies, rats exposed by inhalation to 0.8 and 2.5
ppmfor 3 Hnnth*' expM' ~''"aced re,' ?p' 'r»to' "y sysl;5mand other
hi st ol ogi ¢ changes, while several species exposed to 3.7
ppm 24 hr/d for 90 d, experienced interstitial

inflammation of the lungs; some of these species exhibited
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focal inflamuatory changes of the heart and ki dney, and

anmong rats 1 death was noted (91).

For mal dehyde has tested positive for nmutagenicity in
bacterial systenms. In nxuranalian-cell assays, it has
exhi bited mut ageni ¢ properties in sone species and tissues,
but not others; |ikew se for arthropods in vivo, for which
positive results were found for sonme species and routes of
adni ni stration but not others, and even vegetables, for

whi ch sone species but not others tested positive (66).

In an early carcinogenicity study (1963), groups of 42 to
60 G3H m ce exposed to 41, 81, and 163 ppm of formal dehyde
for 1 hr/d, 3 d/wk, for 35 wk (except for the high exposure
group, due to severe intoxication after the 11th day),

experi enced no pul nonary tunors, but the nasal epithelia
wer e not exam ned; basal -cell hyperpl asia, squanbus
met apl asia, and atypi cal netapl asia were seen in nost of
t he exposed animals, and in no controls (66). Two nore
recent studies, from 1979 and 1980, have denonstrated that
formal dehyde is carcinogenic in |laboratory animls (92).
In one, rats (Fischer 344) and mice (B6C3F1l), 240 of each

were exposed 6 hr/d, 5 d/wk for up to 24 nonths to
f ormal dehyde vapor. Squanpus-celi carci aomas of the nasa

turbi nates developed in 93 rats and 2 mice exposed to 15
ppm 2 rats and no mice exposed to 6 ppm no aninmals
exposed to 2 ppm and no control animals. This type of

mal i gnancy is extrenely rare in these strains of aninal
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In the other study, 100 Sprague-Dawl ey rats were exposed to
14. 6 ppmonly (the exposure pattern was otherw se sinilar
to the preceding study), but in conjunction with 10.6 ppm
hydrochloric acid (HO), as a test of their reaction
pr oduct bi s(chl oronet hyl ) et her (BCME). Squanous-cel
carci nonmas of the nasal turbinates (which are not
characteristic of BCME exposure) developed in 25 rats,
al t hough they had never been seen in unexposed ani nal s of
this strain. Further work was conducted to clarify these
results (66). G oups of 100 rats were simlarly exposed to
f or mal dehyde only, mixtures of it and HO ni xed before (at
hi gh concentrations; presunably, nmore BCME would forn) and
duri ng the exposure testing, and HO only. Nasal
carci nonas, al nost all squanous-cell, were found in 10, 12

6, and none, respectively, of the rats in these groups, and

in no control aninals.

The International Agency for Research on Cancer (I ARC) (66)
revi ewed ot her studies which reported the induction of
|l ocal tunors after subcutaneous injection in hansters and
rats and direct application to the oral nucosa in rabbits.
These studies suffered from problens |ike poor reporting,

small nimbers of animals, and the absence of controls.
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hurman

Regardi ng the chronic effects of formal dehyde on hi onans,
t he greatest concern focuses on the i ssue of
carci nogenicity, and nunerous studi es have now been
conpleted in this regard. However, sone other chronic
effects have been noted; npbst of these are related to the
irritant properties of this substance. Respiratory effects
i ncl ude airway obstruction and reduced | ung functi on
(formal dehyde concentrati on uncertain due to sanpling
probl ens; the range of possible concentrations was 0.4 to
12 ppm (92), as well as pnuenonitis (7) (inflammation)
after 50 to 100 ppm acute exposures (92). Dermatitis has
occurred due to dermal exposures (66). Al so, nenstrua
di sorders and secondary sterility in wonen have been

reported (66) (exposure |evels unknown).

Nunmer ous epi dem ol ogi ¢ studi es of human popul ati ons have
now been conpl eted whi ch address the i ssue of formal dehyde
as a carcinogen. These are sinunarized in Table I1-6. No
one study provides sufficient evidence to concl ude that
f ormal dehyde i s carcinogenic in htm an popul ati ons, and sone
studi es cited found no excesses of cancers (although often
t hese studies ~" ave suffered "~ eon; |low scatistiral power to
detect significant excesses). Mst of the studi es have

found sone el evated ri sk of cancers associated with

f or mal dehyde exposures, although the results often have not
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Popul ati on bt udy
at Ki sk Desi gn
Pat hol ogi sts SIK*
anu | au

tectinicians

Physi ci ans SHK
involveu with

| aboratory work

Morti ci ans B **
14)

For mal dehyde SMWK,
nanut act uri ng PVR
wor ker s

(1)
Forjiial dehyue and PMK
resin manuta -

turing worke's

Tabl e 11-b. Epideniol ogi ¢ Studies on Formal dehyde Exposure and Cancer in Human Popul ations

Exposure Level s

and Duration

Unknown Level s

Unknown | evel s

Unknown | evel s;

short average
duration

Unknown | evel s;

short average
duration

Unknown | evel s;

short average
duration

Latency  Confounders

“shorl " (1 D4)

not specified

"short" ot her

enbal m ng-
fluid

conponent s

ot her
chem cal s

sone over
20 yr;
aver age
was "short"

"short" ot her
chenical s

added 4

yrs

fol I owup

Cancer CQutcomes

Suicide (significant
excess); |ynphatic and
henat opoi eti ¢ neopl asns
anong pat hol ogi sts, but
these excesses di sappeared
in later followp when
significant excess of
brain cancer (astrocytona
and gliom) was found

deficits of Iung,
esophagus, oral cancers

significant excess of skin |low statistical
(apparent dose-response power to detect
nasal
no excess

rel ationship), kidney,
and brain cancer;

excess respiratory or
nasal cancer

SMR non-significant excess
of brain and prostate
cancer and Hodgki ns'

di sease, with prostate
significant in the "over
20-yr |atency" group;

PHR: significant excess of
"all" and prostate cancer

excess of digestive system
cancers, but was seen anmong
the youngest (at death) and
shortest duration/longest

| atency groups only

additional  followp:  signi-
ficant excesses of colon,
and buccal and pharyngeal

cancer

Limtations
and Comment s

I nvestigators

Harrington and
Shannon

Harrington and
Qakes

Dol | and Peto

Val rat h and
Fr auneni

cancer

I ow statistical wong
power to detect
vari ous cancer

excesses

low statistical Har sh

power to detect
various cancer

excesses

only analyzed for
the 4 years of add-
itional followp,
rather than conbini ng
with previous results;
therefore, small
nunmbers of deaths in
anal ysi s.

Liebling et al.

Source

(reference
nunber)

66

101, 104

66

66

66

66

101, 104


NEATPAGEINFO:id=C1827367-4C52-4A38-BEFA-4ED6FA8FD00C


Tabl e 11-6. Epidemi ol ogi c Studies on Formal dehyde Exposure and Cancer in Human Popul ati ons —Conti nued

Popul ati on St udy Exposure Level s Lat ency Cont ounders Cancer Uutcones Limtations I nvestigators Source
at Kisk Design and Duration and Conment s (reference
nunber)
16)
Woodwor ker s Case- 1-ppm TWA nedi an, "over 10 wood dust . non-si gni fi cant excess of |ow statistical Partanen et al. 104
control | Uyr nean dura-~ years and ot her "exposed" anpng respiratory power to detect an
tion; grouped by hi ghest subst ances, and rel ated cancer cases, excess; 10 yr Is
both paraneters group but study i nverse does-response short | atency
controll ed
for these
17)
Cheni cal ano SMR Grouped into a "long" ot her significant deficits of smal | nunbers In Acheson et al. 101, 104
pl astics workers levels from group chenical s | eukem a and brain cancer. hi gh exposure/ | ong
<U.l ppmto I'ncl uded In one (of six) plants: duration/long
>2. Oppm (subj ec~ significant excess of |ung | atency group
tively estimated) cancer (hi gh exposure group)
and borderline-significant
trend of incidence and
exposure |evel Increase, but
no relation to duration. I'n
another plant: significant
excess of rectal cancer.
(ti)
Var i ous Case- Unknown | evel s "over 10 wood dust, anong nasal cancer cases, 01 sen et al. 101, 104
occupat i ons control years" but adjusted significant excess of exposure
| ongest for that to wood dust and to both wood
dust and HCHO, non-signif-
i cant excess of exposure to
HCHO al one (al though relative
risk I's greater anong over-
10-year-l atency group).
()
Iiariiient inanu- PMR Essentially con-  over-10- none significant excess of | ow power to Stayner et al. 123
facturiny workers PCHR***  tinuous exposure, year group buccal cavity, liver and detect excess
currently 0.1 to i ncl uded "other |ynphatic and hema- nasal cancer
1.0 ppm but hi gher topoietic tissue" cancers
in the past, over- (except liver In PCMR
| U-yr-duration anal ysis) seenmingly related
group included to greater-than-10-yr
duration and | atency
(1
Physi ci ans (pat h- Case- Unknown | evels not spec- no effects related to these Jensen; Jensen 104
ol ogy, forenslcs, control ified specialists and Andersen

anat ony)
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Popul ati on
at Risk

lin)

Mortici ans

112)

Chemi cal workers

113)

Vari ous oceup*-
tions

114)
Anat omi sts

(I'b)
Various occupa-
tions

(10)

Various occupa-
tions

Table Il-fa.

Study Exposure Level s Lat ency Conf ounder s Cancer Qut conmes
Desi gn and Duration
SMk 0.(J2 ppm 4U-hr-wk- "long" phenol no cancer excesses; only
TWA average; long non- mal i gant excesses
duration (probably al coholic in
origin)
Case- 3 TWA exposure "adequate' other chem~  non-significant excess of
Control  groups from icals "exposed" anong bl adder and
<0.1 to >2.0 ppm prostate cancer cases
(some assigned
by recall of odor),
or 2 peak exposure
groups (>2 ppm
or not)
Case- Unknown | evel s unknown unknown; anong nasal cancer cases,
control pr esuned
ot her working In textile Industry
cheri cal s {RR=1.72) (wonen only),
deficit of exposure to HCHO
SMR 3 groups, by spe- not spec- other significant excess of brain
cialty; typically I1fled chemi cal s cancer (glial cell) and
1to 3 ppm higher chroni ¢ nyel oid | eukenia,
Intermttently, non-si gni fi cant excess of
esti mat ed "all" leukenmia, deficit of
exposur es lung and "alI" cancers
Case- Subj ective not spec- anong | ung cancer cases,
control ranking (high, 1ffe«J highly significant excess
I ow) by occupation (RR = 1.5) of those in HCHO
exposed occupations (but no
relation to exposure group);
anong bl adder cancer cases,
no associ ation.
Case- Subj ective rank not spec- wood dust anong  squani ous-cel 1
control of exposures; ified and snoking. carcinoma cases, excess of
I evel s unknown but study those in "exposed" occupa-

controlled
for these

Epi dem ol ogi ¢ Studies on Fornal dehyde Exposure and Cancer in Human Popul ations

Limi tations
and Comments

| ow exposure
level s

possi bl e over=
mat ching (104)

exposures based on

—Cont i nued

I nvestigators

Levline et al.

Fayer weat her
et al.

significant association with report of subjects

tions, but unclear

If con-

founded by wood dust

two | ndependent

exposure assess-

ment s

Stroup

Coggon et a]K

Hayes el aK_

Brinton et al.

Sour ce

{reference
nunber)

104

49

32

101

101

64
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Table U-b. Epideniologic Studies on Formal dehyde Exposure and Cancer in Human Popul ations —Continued

Popul at i on St udy Exposure Level s Latency  Confounders Cancer Qutcones Limtations I nvestigators Sour ce
at Risk Desi gn and Duration and Conment s (reference
nunber)

1173
Cheni cal and SMK Aver age | evel over - 20- other chem excess Hodgkin's disease Stevart et al. 125
manuf act uri ng 0.25ppm (b groups year group icals (iden- (significant rising trend and Blair et al. 26
wor ker s from<0.1 ppmto  included tities were  with exposure intensity),

>2.0 ppm plus recor ded) |'ung cancer (significant

"trace") by recon- for wage enpl oyees with

structive Indus, over-20-yr |atency,

hygi ene using data SMR = 132), and prostate

(past and present) cancer, but no relationship

and subj ective to average, cunulative, or

estimtes; peak peak exposure; also, excess

val ues estimated cancer of the nasopharynx

al so (significant) and

oropharynx, but not related
to dose

(LB) ) )
barmet manufact- SMR Essentially con-  over-20-  none significant excess of buccal cavity Stayner et |Vg* 124
uring workers tinuous exposure, year buccal -cavity cancer (plau- cancer is biolog-

currently 0.15 group si bl e based on duration, ically plausible

ppm overal | geo-~  included | atency, and year of first site. No nasal

metric mean (0.08 exposure) and connective- cancer deaths In

to 0.20 for depart tissue cancer, and non- cohort

ments, by plant)
but greater in the

significant excess of
bl adder cancer, and |eukem a

past, over-10-yr- and ot her |ynphopoietic
duration group neopl asns
i ncl uded

* Standardi zed Mrtality Katio

xx Froportiunati Mrtality Ratio

*rx Proportionatt Cancer Mrtality Ratio
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been consi stent between studies, sone biologically unlikely
sites have been inplicated, and confoundi ng vari abl es have
been reported. Neverthel ess, sone researchers now believe
that the studies, viewed together, seemto provide
sufficient evidence to conclude that fornmal dehyde plays a
role in carcinogenesis. The National Institute for
Cccupational Safety and Health (NI OSH) has recently stated,
"W concur with OSHA that the weight of available
evi dence__does suggest that fornmal dehyde exposure may be
associated with increased risk of Ivng cancer, brain
cancer, and | eukem a, although a pl ausi bl e carci nogenic
nmechani sm for the latter two findings is not clear...The
results of the ani nmal bioassays plus the consistency of
evi dence fromthe epidem ol ogic data i ndi cate that

f or mal dehyde shoul d be regarded as a human carci nogen." (89)
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E. Maxi num Exposure Level Reconmendations and Legal Standards

Recommendat i ons and | egal standards for the maxi mum | evel of
exposure to airborne formal dehyde vapor to protect human health are
publ i shed by several organizations in the United States. Both the
occupational and non-occupational environnents are addressed by
t hese conpilations. The occupational limts include the Threshol d
Limt Val ues recommended by the American Conference of Industria

Hygi enists (ACGH TLVs) (8), the NI OSH Reconmended Exposure Limts
(NI OSH RELs) (89), and the Permissible Exposure Limts pronul gated
and legally enforcable by the Gccupational Safety and Health
Adm ni stration (OSHA PELs) (100, 101). A non-occupational limt
for all indoor spaces has been reconmended by the American Society
of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE)
(12). Table 11-7 provides these reconmendati ons and st andar ds.

Cccupational standards of varying nmagnitude have al so been adopt ed

in many foriegn countries (7).

F. Air Seunpling and Anal ysi s Met hods

A | arge nunber of methods have been proposed for the determnation
of airborne formal dehyde concentrations, utilizing a variety of
collection and anal ytical procedures. This subpart simmarizes the
i nportant feattus? o® many of rliose which have been published. A
number of tiif ~2tlio”E. JenoteH *n the literature as nethods for

formal dehyde are actually non-specific total al dehyde nethods;

these are siammarized first, in Section 1.
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Table II-7. Maxi mum Ai rborne Exposure Concentration Reconmendati ons and
Legal Standards, ppm

Cccupati onal Non- occupat i onal

Organization  8-hr TWA* Ceiling** MaximJm  STEL® | ndoor

(Area)
Peak™> * * NMex<i rnmum

ACE H L. O 2.0
NI OssSH — — — 0.iee
OSHA, Current 3.0 5.0 10

Proposed 1.0 or 1.5

ASHRAE - — — 0.1

* TWA = Ti me Wei ghted Aver age
** General ly, maxi mum al | oned above the 8-hr TWA

*** Maxi mum peak excursion above the ceiling, allowed for no nore than
30 min during an 8-hr shift

A STEL = Short Term Exposure Limt, a 15-mn TWA

"® Designated as "lowest feasible concentration that can be reasonably or
actual ly nmeasured"


NEATPAGEINFO:id=68F84647-EB8B-4CF4-BE0A-9DFDCE70D213


29

1. Methods for Total Al dehydes (Non-specific for Fornmal dehyde)

a. Early Met hods

The bisulfite nethod is the classic nethod of al dehyde
determ nati on, and was proposed for use in airborne
sanpling in 1943 (60). Air ssunples are collected at flow
rates of 1 to 3 Lpmin nidget inmpingers containing 10 niL of
aqueous 1% sodi um bi sul fite (NaHSO ) (sodi um hydrogen
sulfite) (the collection efficiency is discussed in Part

I11.B., below), or at 28 Lpmin large inpingers with 100 nL
of this solution. Formal dehyde reacts with NaHSO to
formthe stable conplex soditm fornmal dehyde bisulfite. For
anal ysis, unreacted bisulfite is destroyed with iodine
under neutral conditions, then the solution is made
al kal i ne to deconpose the conplex. The liberated sulfite
is then titrated with standardi zed i odi ne solution for an
i ndi rect measure of the al dehyde originally collected. The
met hod is sensitive to al dehydes and ketones, and the
sensitivity is not the best (60). Slight nodifications,

i ncluding the use of two mdget inpingers "with fritted
di sks"™ in series in an ice bath, and a mnor change in the

titration procedure, were proposed in 1958 (135).

In 1940, Kersey et al. reported Schryver's nethod, or the
phenyl hydrazi ne nethod, calling for collection in dilute

aqueous phenyl hydrazine HO . Upon subsequent addition of
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hexacyanoferrate (l111) in acid solution, a reaction occurs
to form a purple chronogen, for a colorinetric
determ nation (109). This nmethod was determnined to respond
to acet al dehyde and acrolein (91). Mddifications in the
col l ecti on procedure have subsequently been reported,
including collection in 1.5% potassi um hydroxi de (91) and
in distilled water (22), as well as the inpregnati on of
silica gel with phenyl hydrazi ne to nmake i ndi cator tubes

proposed by Fedotov (91).

Newer Met hods

The newer (1961) 3-nethyl -2-benzot hi azol one hydrazone
(MBTH) net hod, although still sensitive to a variety of
ali phatic al dehydes, is npbst sensitive to HCHO NMBTH
reacts with HCHO in the presence of iron (l111) chloride to
forma blue cationic dye in acidic solution, for a
spectrophotonetric determ nation (113). Collection in
aqueous 0.2% MBTH HO (113) or in aqueous 0.05% MBTH in
bubbl ers has been reported, the latter with air flow rates
from0.47 to 1 Lpm (11, 63). The latter is a nodification
to increase the sensitivity to the parts per billion (ppb)
range (63). Collection efficiencies of 95-98% (113) and

84% (60) wer*> '+" ported

Sonme ot her nethods for total al dehydes are summari zed in

Table 11-8. Still other nethods have been reported,
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Table 11-8. Sone O her Methods for Total Al dehydes

Reagent Anal yti cal Techni que Ref er ence

2- hydr azi nobenzot hi azol e-p- colorinetric (112)
ni t robenzenedi azoni tun tetrafl uoroborate

5, 5-di net hyl -1, 3- cycl ohexanedi one fluorimetric (110)
(al so cal | ed di nedone, nethone,
di net hyl di hydr oresorci nol ) *

r esor ci nol with NadOHd col orinmetric (140)

Oo- am nobenzal dehyde spectrophotonetri c (2)

* Reacts to forma crystal; then, collect the particulate (128).
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i ncl udi ng ones based on al kali ne peroxide (71), soditm
sulfite (for very high concentrations) (29), and
1, 3-cycl ohexanedi one (or di hydroresorcinol [136]) (110)
reagents, and the Envirotech Services, Inc., passive
dosi neter, which features collection on a pol ycarbonate
sponge i npregnated with 0.1 N NaCH, and anal ysis by the
Purpal d nethod (58). Also, infrared (IR einalysis has been
enpl oyed, after freeze-trap or evacuated-bulb collection
(139) or direct collection into the cell of a continuous
noni tor such as the M RAN Gas Anal yzer (19). Good
review articles covering many of these nethods are

avai l able (48, 109, 110).

2. Fornal dehyde-specific Methods with Collection in Agqueous Medi a,

Except for the Chronotropic Acid Method

The chronotropic acid nmethod, which is a fornal dehyde-specific

met hod with collection in aqueous nedia, and is the method used

in the present study, is reviewed in Section 3, below. O her

such fornmal dehyde-specific nmethods are di scussed in the present

Secti on.

a.

Pararosaniline (Schiff's Reagent) Method

One of the nobst inportant of these is the pararosaniline
met hod, which utilizes Schiff's reagent (also called

Schi ff-El vove reagent [140]): pararosaniline (fuchsin) and
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sulfite. It was first reported as a reagent for the
determ nation of fornmal dehyde by Schiff in 1866 (91), and
its reaction with fornal dehyde (HCHO produces a
rose-viol et chronmogen for a colorinetric anal ysis.
Zhi t kova (140) was one of the earliest, in 1936, to report
the use of this method for the analysis of air sanples, and
nunerous versions have been subsequently published (91).
These include collection in 0.005N hydrochloric acid (HCO)
(107), nodified Schiff's reagent (see a description of this
in the next paragraph) (1), and distilled water in m dget
i npingers at high flowrates for short times (<20 mn) (43,

83) or in large bubblers (43).

Modi fied Schiff's reagent is a m xture of
di chlorosul fitomercurate (I1) conplex and aci d-bl eached
pararosaniline hydrochloride; it is nmore selective than the
version descri bed above (83). The nodified reagent is
currently used in commercially avail able automatic
anal yzers (88); according to Godish (58), the only
conti nuous fornal dehyde nonitor available in 1985 was the
TGM 555 by CEA Instrunents, Inc., which utilizes this
met hod. (This nmonitor has a significant "l ag" or del ay
bet ween sanpling and di splay, and should not be consi dered
2n "instantar”r'is instrunent” in the sane sense as the one
di scussed in "cctlon 6, below.) A nore recent (1981)

nmodi fi ed pararosaniline nethod incorporates bubblers with

distilled water (NaHSO cannot be used because it is an
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interference for this nethod) in a refrigerated contai ner,
a 0.8 Lpmair flowrate for 12 to 24 hr, and col or
devel opnent by the additi on of pararosaniline
hydrochl ori de, then sodium sulfite; sulfur dioxide and

cyanide are interferences (88).

b. Grard-T Reagent Mt hod

In 1978, the Grard-T Reagent nethod was published by N OSH
as Method S327 (95); NIGSH currently designates it as
Met hod 3501 (46). This nmethod is based on the reaction of
f or mal dehyde and G rard T reagent,

(trinet hyl am noacet ohydr azi de chl ori de, or
[ carboxynmet hyl Jtri net hyl ammoni i mi chl ori de hydrazi de
[136]). Collection occurs in aqueous buffered Grard T
reagent in a m dget bubbler at 50 to 200 cc/ m n.

For mal dehyde-G rard T derivative forms fromthe reaction

and the solution is analyzed pol arographically for this

derivative after a small anmount of nmercury is added

c. 2,4-Dinitrophenyl hydrazi ne (2, 4- DNPH) Met hod

This nethod utilizes 2,4-DNPH as a reagent, and enpl oys
HPLC for arislys'''!. (Joiipctio". of airborne sanples has been
reported using aqueous 2,4 DKFfi in a high-flow washer
packed with Raschig rings, with good collection efficiency

up to 50 Lpmof air flow (81), as well as 2,4-DNPH in 2N
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HCl solution in 2 midget bubblers in series at 0.5 to 1.5
Lpm (76). This nmethod has been adapted to soli d-sorbent

coll ection (see Section 4, bel ow)

d. O her Fornal dehyde-specific Methods wth Collection in

Aqueous Medi a

Sone ot her fornal dehyde-specific nmethods with collection in
aqueous nedia are summari zed in Table 11-9. Still other
nmet hods have been reported, including ones based on
reagents such as 2-hydroxycarbazole (for spot tests; not
proposed as an air sanpling nethod) (114),

par aphenyl enedi am ne (18), and an equilibritm m xture of
pot assi um t et racyanoni ckel ate and di net hyl gl yoxi ne (a
t est- paper, not air sanpling, nethod) (133), as well as
ones utilizing pol arographic analysis foll owi ng sinmle
collection in dilute KOH (91) or in water in a gas scrub

tower immersed in an ice bath (85).

Met hod Used in the Present Study: Chronotropic Acid (GTA)

Met hod

Chonotropic acid (GTA), |, 8-di hydroxynapht hal ene- 3, 6-di sul fonic

acid, in sulfuric acid fK*SQ ), iorrns a vioiet-p*nli color

when warnmed with formal dehyde (50). The intensity of tlie color
is essentially proportional to the quantity of formal dehyde

present throughout a useful range (93). GIA was first proposed


NEATPAGEINFO:id=8A112121-7206-48D2-9D90-A2347D3395F3


Nane of Met hod

hydrazi ne pol arographl ¢

2-hydrazi nobenzot h azol e

J-acid

pteqyl J-acfd

Table |1-9.

Col | ection

_aqueous 0% net hanol
in mdget bubblers

extra-purified
distilled water in

m dget bubblers (36)

agueous 0. 25? )
2- hydr azi nobenzot hi azol e

in inpingers

(air sanpling method
not specified)

(air sanpling method
not specified)

|l antzsch's rea?ent wat er in g e% bubbl ers
r

(or acetyl acetone T40])

(not fritted) I(52)

Anal ysi s
Reagent

hydr azi ne

2-hydrazi no-
benzot hi azol e

0.2'i J-acid(6-amno-I-
napht hol- 3-sul fonic acic
[112], or 7-amino-4-
hydr oxy- 2-

napht hal enesul fonic

acid [136]) in concentrated

H2SO4

O n phenyl J-acid
(6-anilino-I-naphthol - 3-
sulfonic acic) in
concentrated H2SO4

Hant zsch' s reagent
(acetyl acetone and
anmoni um salt [90];
m X anmoni um acet at e,
acetic acid, acetyl
acetone [71 ])

Det erm nati on

pol ar ogr aphi c

colorinetric

spect rophot onetric

spectrofluorinetric
(115)

spect rophot onetric

colorinmetric  (90)

spectrofluorimetric
(21)

Some Cther Formal dehyde-specific Methods with Collection in Aqueous Media

O her
I nformation

intended for peak
measur enent s under

10- ppm peak OSHA standard
(higher than the currently

useful range); good specificity

little interference from other
al dehydes; detector tube variation
discussed in Section 4, bel ow

more sensitive than CTA net hod

adapted to solid-sorbent

collection in air (discussed

in Section 4, below

more sensitive than CTA or
J-acl
h

met hods

g (spectrophot onetric)

Ref erence
Nunber

116

36, 116

112

112

112, 115

112

52, 90

21 . 52. 90
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as a specific reagent for fornmal dehyde by Eegriwe in 1937
(41). The chemistry of the color reaction is not known wth
certainty, but Feigl (50) has proposed the reactions shown in
Figure Il. He states that, "Since aromati c hydroxy comnpoi mds
condense with forrmal dehyde to yield col orl ess
hydr oxydi phenyl ani nes, it is probable that the initial step
consi sts of a condensation of the phenolic chronotropic acid
with formal dehyde as shown in [equation] (1) [in Figure I1]
foll owed by oxidation to a para-quinoidal conpound as shown in
(2)...Concentrated sulfuric acid participates in both (1) and
(2). Inthe fornmer it functions as a dehydrant to bring about

the condensation; in (2) it is an oxidant and is reduced to

sul furous acid."”

The air sanpling and anal ysis procedure based on this reagent
was proposed in 1954 by McDonald (84) essentially in the form
used today, as recommended by the National Institute for
Cccupational Safety and Health (NIOSH) in N OSH Met hod 3500
(45), except that collection in aqueous 1% sodiim bisulfite
(NaHSO. ) (sodi um hydrogen sulfite) is now excl usively
reconmended. (The nmethod was fornerly desi gnated P& CAM 125 by
Nl OSH (93); at that time, collection in distilled water was
still reconmrended.) Procedures sucessfully utilizing
col l ection in ?.nueous NaHSO have been widely
reported [33, 78, 7", 80); th3s crillection meditm was first
proposed as a way to avoid interference by oxi des of nitrogen

in pollution sanples (33), and |later to inprove

collection (86).
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Figure Il. Proposed reactions for the formation of pink-viol et
chromagen from fornmal dehyde and chronotropic acid (50)

SO H SO H SO H
o P tHO 7 AN A (1)
For mal dehyde  ~-f A
SO, H SO H SO, H
Chronotropic Acid Internediate (colorless
hydr oxydi phenyl net hane conpound)
SO H SO, H SO H SO, H
vo f \VCH. - - ?—(I) e = -0 2
HO \ A COH HO— / oH
from i
SO H SO H reducti on SO. H SO, H
_ of 11 "SQ0 : ,
I nternedi at e to H SO, Chromagen (pink-violet

par a- qui noi dal conpound)
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Al so, sanples collected in NaHSO are stable in storage (at
roomtenperature) for at |east 10 days (69), much | onger than
sanples collected in distilled water (even if refrigerated)
(38, 86), as discussed below The fornmation of the
f or mal dehyde- bi sul fite adduct probably accounts for the
enhanced performance of the nethod when collection in bisulfite
is incorporated. A discussion of this is included in Part
I11.B. The chronmotropic acid nethod is the nost comonly used

nmet hod for airborne formal dehyde determ nation (116).

The basic procedure of NI OSH 3500 (45) is as follows: Air
sanples are collected in mdget inpingers at 0.2 to 1.0 Lpm

al t hough coll ection efficiency bel ow about 1 Lpm has not been
evaluated. This is the nethod under study; a conpl ete
di scussi on of the collection procedures that have been
evaluated is in Part I11.B. Wen sanpling in atnospheres with
significant particulate concentrations, it is reconmended by
NIl OSH researchers that considerati on be given to the
possibility that fornmal dehyde and/or interfering conpounds may
be released into the stored inpinger solutions by desorption
fromor degradation of the particulates, and that pre-fliters
be enpl oyed when appropriate to elimnate such problenms (69).

An aliquot of the sjinple is treated with chronotropic acid
(CTA) end sulfuric acid (H SO ), and ? puri-i" color
dtivelops (45) with no external heating required, as the
reaction is exothermc (4). The absorbance of this solution is

measur ed spectrophotonetrically at 580 nm and conpared with a
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standard anal yti cal curve generated by neasuring the absorbance
of a series of color-devel oped sol uti ons of known fornmal dehyde
concentrations. A nore conplete description of the anal ytica
procedure nay be found in Part VI, METHODS; al so, a copy of the

Nl OSH nmet hod is provided in Appendi x E

The intensity of the color devel oped in the reaction has been
stated to be proportional to the concentrati on of fornmal dehyde

in the solution (93); thus, the spectrophotonetrically-neasured
absorbance response is essentially linear with respect to
concentration throughout a wi de concentration range (4, 84).
The anal ytical precision of the nethod as listed is +5% (93),
while the overall precision (s ), including sanpling, sanple
wor kup, and analysis, is 0.09. The |lower detection limt in
air is about 0.02 ppmfor an 80-L sanple, or 0.1 ppmfor a 15-L
sanple (the latter is specified as the |owest reliably
quanti fiable [short term concentration in the nost recent
NI OSH policy statenment on fornal dehyde [89]); the working range
has listed upper limts of 0.4 ppm or 2 ppm respectively,
al t hough these can be increased by dilution of the aliquot of

ssinple to be anal yzed.

Sone interferences to this nethod have been docunented, the
nost -serious of vb~rb ~r .roiu ohenols. This interference has
general ly been accepted aa a negative bias of 10 to 20% at an
8-fol d excess of phenol over formal dehyde (93), but a recent

studies indicate that it nmay be nuch nore serious: a sharp
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decline in formal dehyde recoveries, to 50% at a 2-fold excess
and 0% at a 20-fold excess of phenol over fornal dehyde, was
seen in one study (116); in another, at phenol -formal dehyde
ratios as low as 3:1, alnost total inhibition of the col or
devel oprnment i N wat er , and a str ong
HCHO- concentrati on-i ndependent i nhibition in aqueous 1%
NaHSO , were seen (72). However, phenol cem be sel ectively
absorbed fromcoll ected sanples prior to analysis, using washed
XAD-7 polymeric resin, thereby avoiding the interference (62).

Acrolein is a slight positive interference; other al dehydes are
not (4, 45, 93). Methanol is not eminterference, but ethano

and hi gher alcohols, if present in rather high concentrations
(such as tenfold excesses [4, 93] over fornal dehyde), are
negative interferences (4, 45, 93), as are ol efins (al kenes)

(45, 93), such as et hyl ene, propyl ene, and
2-net hyl -1, 3-butadi ene (93). Pre-trapping with Tenax-GC, a
por ous- pol ynmer sorbent, has been used to renove ethanol from an
air stream being sanpled (77). Aronatic hydrocarbons are not

serious interferences when collected in water or aqueous

bisulfite (4, 118) iinless, presunmably, they are present in
relatively high concentrations, since the reduced interference
is due to low collection efficiency of these conmpounds in the
aqueous nmedia (as is also the case for the olefins) (118).

This is true for x*' leae, bnt if necessary It can be renoved
wi th Tenax- GC as descri bed above tor ethaiici (77). Ketones are
generally not an interference (4), although cycl ohexanone

causes a bleaching of the final <color (93), nor s
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chloroform (77). Nitrogen dioxide (4) is not generally an
interference, although in pollution sanples with great excesses
of nitrogen oxi des concentrations over fornal dehyde
concentrations, the nitrate and/or nitrite ions formed in the
solution are interferences. Sanpling in aqueous 10% NaHSO

has been found to elimnate the interferences fromthese two
ions (33). Dinethoxynethane (nethylal) is a positive
interference if present in great excess over fornal dehyde, but
can be pre-scrubbed froman air sanmple using "Porapak Q solid
sorbent (a styrene-divinyl benzene adsorbent which does not
retain significant quantities of fornmal dehyde) (51).

Interferences caused by orgem c conpoTi nds, such as higher
al cohol' s, have been controlled by evaporating the solution to
be anal yzed to dryness; the fornmal dehyde has been found to be
retai ned by the CTA so that upon addition of H SO the
correct anount of purple chromagen is produced (31). An
unusual interference problemis caused by al um numcap liners
on sanple storage vials (the NaHSO i n the absorbing sol ution
attacks the alum numand forns a fine precipitate which
interferes with the analysis) (86). Al so, of course, any other
conpound that will release fornmal dehyde when hydrol yzed with
sulfuric acid is a positive interference (30); additional

exanmpl es include formc acid and dextrose (118).

Sanpl es collected in NaHSO are stable in storage (at room
tenperature) for at |least 4 weeks, according to one study, far

| onger than the 2 days for those collected in distilled
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water (86). A recent investigation by Daggett and Stock of the
stability of stored environnental seinples collected in
1% NaHSO al so i ndicates excellent stability, at |east 8 days
for refrigerated and imrefrigerated sanples (38). Al so, a
NI OSH study found good stability for at | east 10 days for
simlar un-refrigerated sanples stored i n Nal gene
cross-1linked pol yethylene (CPE) bottles, with declines in
recoveries noted by the 30th day (69). (A previous study found
sone deterioration of field sanples refrigerated overnight,
despite collection in bisulfite, while | aboratory-generated
sanpl es were not affected [75]. However, the Daggett and Stock
study found a sinmlar decline in recovery to be tenporary,
possi bly due to sonme unknown slow equilibritimprocess, and it
reversed itself [38] . Furthernore, the deteriorating field
sampl es were collected in a textile plant [75], where a
pre-filter should have been incorporated to keep potentially
interfering particul at e- bone conpounds out of the

s«inples [69] .)

Nunmer ous variations in the sanpling techni que have been
enpl oyed, although few have been evaluated for their effects on
coll ection. Sone of those used are: flowrates fromO.1 to
1.1 Lpm (5, 73, 78); sanpling times of 90 mn to 24 hr (19, 58

73, 75, 120" rzc - Gee-nbnrir-Snmith inpingers (78, 79); use of
fritted bubblers 784, 120); and, aqueous NaOH as the collection
medi um (84). Collection of diesel exhaust sanples in ethanol

has al so been utilized, but dry-ice tenperatures were needed
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for collection and NO was an interference (80). Another

vari ation, the purpose of which is to account for particul ate
cont ai ni ng HCHO (or compounds with the potential to degrade to
HCHO in an air sanple, calls for the use of a pre-fliter and,

if appropriate, the extraction of HCHO fromthe filter with
aqueous 1% NaHSO for a separate CTA anal ysis (69). Al so,

m nor variations in the procedure for sanple work-up and
anal ysi s have been reported. For exfunple, the addition of a
step to concentrate the sanple if its concentration is bel ow

the detection limt has been reported (84).

A nmaj or nodification of the procedure for certain "source"
sfunples (5, 80, 118), as well as environnental sanples for
total al dehydes (6), calls for collection of the air sanple in
a solution of CTA and H SO which sinplifies the
procedure, and raises the collection efficiency and sensitivity
(4). However, this may increase the collection of certain
contam nants to the point of their becom ng interferences. For
exampl e, olefins can be a negative interference with the
analysis if collection is conducted this way (although their
collection efficiency appears to be sufficiently reduced at
flow rates equal to or exceeeding 1 Lpmto essentially
elimnate the interference) (4). Aromati c hydrocarbons can
al so becore In-ei T"PTenr.es using i-hi'' aodification (4). A
simlar, but slightly different, Ticaification calling for

addition of a solution of H SO containing CTA to the

aliquot of sanple (collected in the standard way) was rejected
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due to declining recovery as the HCHO concentration

i ncreased (86).

Modi fications to the basic procedure to all ow easier
si mul t aneous determ nati on of HCHO and rel at ed conpounds have
been published. One of these, for conbi ning HCHO and tota
al dehyde sanples, calls for sanmpling with bubblers containing
aqueous 0. 05% 3- et hyl - 2- benzot hi azol one hydrazone (MBTH) so
that an aliquot of solution can be analyzed for total al dehydes
by the MBTH nethod (described in Section |.b, above) (87).
Anot her such nodification, for sinultaneous determ nation of
HCHO, acrol ein, and | ow nol ecul ar-wei ght (MN al dehydes (C.
to C) calls for sanpling with inpingers containing aqueous
1% NaHSO , in an ice bath, so that aliquots can be anal yzed
for acrolein by a nodified nercuric-chloride-hexylresorcino
met hod and for the Cto C_ al dehydes by gas chromat ography
(&0 (79); this procedure can be expanded to include | ow MN
ket ones, and the ice-bath collection can be deleted if acrolein
is not present (78). These two nodifications have al so been
conbined, with sanpling in MBTH for the anal ysis of total
al dehydes, and subsequent anal ysis for acrol ein using the

4- hexyl resorci nol nmethod (6).

4. Formal dehyde-specific Methods with Co2l ection on Solia Sorbents

One of the earlier methods for sanpling airborne fornmal dehyde

with collection on. a solid sorbent, first reported in
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1975 (137), utilizes collection on alumina at an air flowrate
of 200 cc/mn for up to 30 min, followed by i nmediate el ution
wi t h aqueous 1% net hanol for at |east 16 hr. The sol ution
obtained is then zinalyzed by the chronotropic acid nethod
(described in Section 3, above). A significant | oss of analyte
fromthe sorbent occurs after 1 hr, which is why the sanpling
time is limted and the elution nust be done i medi ately; the
net hanol in the eluting solution stabilizes the desorbed
f ormal dehyde. Thi s net hod was published by the Nati onal

Institute for QOccupational Safety and Health (NIOCSH) in 1977 as
P&CAM 235 (94). The air concentration range is 0.3 to 42 ppm

NI OSH i ndi cates that only 1 hr of elution is required. O her
nmet hods with coll ection on solid sorbents that are based on
anal yti cal techni ques discussed in Sections 2 and 3, above,

have been reported; these are summari zed in Table 11-10.

In 1980, NI CSH published P&CAM 318 (96). This nethod utilized
a specially-prepared charcoal sorbent, inpregnated with a
proprietary chem cal (by SKC, Inc., Eighty Four,
Pennsyl vani a). The formal dehyde was desorbed fromthe charcoa
wi t h hydr ogen peroxi de for anal ysis by ion exchange
chromat ography. This nethod is no | onger recomended due to
instability of the siunples in storage, believed to be related
to the ipTigth v.* storage tinme and the storage tenperature,

which can result in loss of analyte (119).
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Tabl e 11-10.

Nane (Reagent/Kthod
of Section ?. or 3,
above)

2, 4- DNPH*

J-acid

Par ar osani | ne'

CTA

2-hydrazi. oben; othiazol

Sor bent

Silica gel

Chr onbsorb W

Mol ecul ar si eve

Silica gel

Silica gel

iome Gther Methods with Collection on Solid Sorbents

| npregnated (1)

or Coated (O
wi th Reagent

(no)

(no)

and Anal ytical Techniques Discussed In Sections 2 and 3, above

Sanpling Conditions

Fl ow Rat e, Vol une,
L/ mn L

0.1-0.2 20

0.2 3

2 30

0.03-0.5 15

(Detector tube)

Desorb
with

Acetonitrile
H2SO4

Wat er

Aqueous
n NaHS03

Unspeci fi ed

An alten."te i.ethod utilizing 2.4-DNPH coated on XAD-2 resin and analysis by GC has been reported (13).

Lower Limt
of Detection,
ppm

Unspec fled

Ref erence
Nunber

20

24

68

19

111
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For long term and personal sanpling, N OCSH currently recomrends
NI OSH Met hod 2502 (44) (formerly P&CAM 354 [97]). This nethod
i ncorporates XAD-2 resin coated with 2-(benzyl am no) et hanol
for collection. A rborne formal dehyde reacts with the latter
to form 3-benzyl oxazolidi ne, which is stable on the sorbent.
The oxazolidine is analyzed by gas chromatography (GC) with
flame ionization detection (FID) to quantify the fornal dehyde
equi valent originally collected. The nethod was formally
evaluated using a flowrate of 10 to 50 cc/mn, over an air
concentration range of 0.46 to 3.92 ppm for sanple vol unmes of
1 (@3 ppm) to 15 L; however, further work indicates a range of
0.1 to 23 ppm should be obtainable at 80 cc/min for 8-hr
sanpl es. The reported detection Iimt indicates that the
nethod is not as sensitive as the chronotropic acid nethod, but
no i nterferences are known except acid msts (which may

i nactivate the sorbent).

5. Diffusional (Passive) Mnitors

Commercially produced sanplers for airborne fornal dehyde are
avail abl e which are based on coll ection by diffusion of
formal dehyde into a sanpling nedia, followed by anal ysis of the
medi a by the producer's | aboratory, or by the user. These
prof' Ticts i'icludf the di.Pcnt Pro-Tek C 60 Series |

For mal dei i “de b”age; the ""” Fui mal dehyde Monitor; and, the

Passi ve Formal dehyde Kit by Air Quality Research, Inc. Each of

these utilizes diffusion in the collection of anal yte, and
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i ncor porat es aqueous 1% NaHSO. as t he absorbing sol uti on as
well as enalysis by sonme version of the chronotropic acid (CTA)

met hod di scussed in Section 3, above. The differences between
them mainly involve the design of the collection device: The
duPont product has a multicavity diffuser el ement containing
t he absorbi ng solution, the 3Mversion uses a fiber filter pad
i npregnated with the absorbing solution, and the Air Quality
Research product contains a pad simlar to that in the 3M
Monitor but at the end of a Palnes diffusion tube (58, 74).

Eval uati ons of these nonitors have been published (19, 58, 74)

ei nd should be consulted prior to the use of them

Each of the above diffusional nonitors nay provide the benefit
of selectively sanpling for fornal dehyde in conparison to any
interfering conpounds present, since the diffusion coefficient
for fornal dehyde is | arger than that of nbst conpounds

interfering with the CTA nethod (68).

I nst ant aneous I nstriinments

The Li on Fornal deneter Mobdel 681 by MDA Scientific, Inc.,
is, according to Bal nat and Meadows, the only instrunent
available in 1985 for the i nstantaneous determ nati on of
formal dehyde level.:: In air. The determination is nade from an
el ectrochem cal reaction in a fuel-cell-cyps detector. An
accur ate neasure of fornmal dehyde concentrati ons rangi ng from

0.3 to 5 ppmis obtainable within 20 sec, but nmny other
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conpounds, such as nethanol, ethanol, form c acid, phenol,

resorcinol, and furfuryl alcohol, will also oxidize in the fuel
cell eind thus act as positive interferences (19). Thi s
instrument is not a "continuous nonitor” |ike the TGV 555"

di scussed in Section 2.a, above.

7. Oher Methods (Foinnal dehyde-specific)

a. Gas and Gas-liquid Chronmatography (GC and G.C) Met hods

(Direct Analysis)

GLC net hods are apparently not suitable for the direct
determ nati on of | ow concentrations of fornaldehyde in air
due to interference and sensitivity problens (137). A GC
met hod for formal dehyde utilizing direct injection of air

has been eval uated and foind to have poor sensitivity (71).

b. Collection in Non-aqueous Liquid Media

An air sanpling and anal ysis nethod for fornal dehyde
utilizing collection in a non-aqueous solution in a mdget
i npi nger (at a noderate air flowrate) was reported to have
excell ent collection efficiency. The sanpling solution was
the reagent 2-di phenyl acetyl -1, 3-i.ndar. dione-|-hy<irazone

plus a catalyst (HC), in acetonitrile. A reaction occurs
in the sanpling solution to forman azine derivative, which
is anal yzed by hi gh-perfornance |iquid chronatography

(HPLCO) W th fl uorescence detection (127).
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Addi ti onal Notes on Sanpling and Analysis of Airborne

For mal dehyde

Wth the wide variety of nmethods available for the sanpling and
anal ysis of airborne fornal dehyde, it nay be difficult to
sel ect the best one for a given situation. A good conparison
of the Schiff's reagent, phenyl hydrazi ne,

2- hydr azi nobenzot hi azol e,

2- hydr azi nobenzot hi azol e- p- ni t r obenzenedi azoni i m»

tetrafl uoroborate, MBTH, CTA, J-acid, and phenyl J-acid nethods
for fornmal dehyde and ot her al dehydes, all of which were
di scussed in the above Sections, is provided by Saw cki,

Hauser, and McPherson (112); this review may give additi onal
assi st ance when sel ecti on of any of these nethods is

cont enpl at ed.

Regardl ess of the sanpling and anal ytical nethod chosen for
f or mal dehyde quantitation, special care should be taken at all
stages in the handling of the reagents, gl assware, sanples,
etc., and in the selection of nmaterials and equi pnent.
For mal dehyde is very reactive, as noted in Section |Il.A, and
can be bound by certain materials; conversely, it can be
evol ved by the deconposition of many organic chenicals (as
di scussed In SpA-ion xI C), such as contam nants in the
environnment or th" jqgaipnent, or materials of construction of
t he equi prent. An exanple of these types of problens is the

contani nation of stored sanples by the materials used in sanple
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vial caps (86). Air seunples for fornal dehyde collected in
agueous solutions are contani nated by Bakelite caps, even
when lined with polythene liners (Teflon liners are needed

to solve the problen), because the Bakelite is a source of

f or nal dehyde.

Addi tional ly, sone research concerning sanple storage is
applicable to all of the aqueous collection nethods. Although
|l oss of analyte over tine has often been attributed to
pol yneri zation, evidence that biological action is in great

part responsi ble for such | osses has been provided by this

research (82).

Finally, it should be noted that various investigators have
proposed numerous general nethods of selectively renoving sonme
of the interfering conpounds from fornal dehyde saunpl es. For
exanmpl e, as noted in the discussion of the CTA method, Franke

et al. proposed a pre-scrub of airborne organics using "Porapak
Q' solid sorbent (a styrene-divinyl benzene adsorbent which does

not retain significant quantities of fornmal dehyde) (51).
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COLLECTION EFFICIENCY OF GASES IN LIQU D MED A — GENERAL

CONSI DERATI ONS AND SPECI FI CS RELATI NG TO FORVALDEHYDE

A. GCGeneral Considerations of Gas Absorber Perfornmance

1

Absor ption by Sol ution

The absortion theory of gases and vapors fromair, as devel oped
by Elkins et al. (42) in 1937, assunes that gases and vapors
behave |i ke perfect gases (102) and dissolve to give a perfect
solution (42, 102). Another condition of the theory is that
di ffusi on of a contani nant gas or vapor reaches equilibriim
between the |liquid and gaseous phases for each air bubble or
I ncrenental volune of air, before the contact of the air with

t he absorbing solution ends (17, 53).

El kins et al. began their theoretical treatnent of this topic
by defining the rate of absorption (42). Specifically, the
rate of change in the concentration (nole fraction) (x) of gas
dissolved in liquid with respect to the change in the ratio (v)

of noles of air sanpled to noles of liquid is expressefl as:

=p - kx (1)
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The partial pressure of the contam nant gas (p) in the inconing
air is expressed as a nole fraction of the atnpbspheric
pressure, as is the vapor pressure of the gas (k) over its pure
l'i qui d phase at the anbi ent tenperature. The expression "kx"
refers to the vapor pressure of the gas fromthe sol ution of
concentration (rmole fraction) "x." This expression is based on
t he assunption of a perfect solution: that the vapor pressure
of the gas above a solution of that fractional concentration is
sinply the product of that fraction (x) multiplied by the vapor
pressure fromthe pure substance (contami nant, in the liquid
phase) (k). The above equation, then, indicates that the rate
of absorption is proportional to the difference between the
i ncomi ng gas' partial pressure and the vapor pressure of the
gas fromthe solution (at its instantaneous concentration of
di ssol ved gas). The assunption of a perfect solution is may be
incorrect, with solutions deviating fromthe predicted behavior
in both directions; however, sinple vapor pressure data is
avai l abl e for many cheni cal conmpounds (while experinmental data
on |iquid-vapor equilibria is available for few solvent-solute
systens) nmaking this assunption very inportant if predictions
are to be made about absorber perfornance. In cases where
substanti al deviation fromideal behavior is suspected, a
si mpl e experinental procedure for the determ nation of the
val ue of fhe volatility constant (k), proposed in 1C50 Ly

El kins (43), may be used. This is described later in this

Secti on.
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Upon integrating the equation (1) of the previous paragraph

between the limts x =0, v =0, and x = x*, v = v/,
sinmplifying, and rearrangi ng, the follow ng equati on nay be

deri ved:

ozl - e ik ]k (2)
Di viding by pv® gives:
s (L e in ke (3)

The efficiency is equivalent to the termx” / pv because
of the follow ng: y, = [I\A] T 1r]‘n / I\/h. SO PV, =
le[iQ_]/[MI,]Wnere M = m)lgls_.of aiéand:i\il = nol es
of liquid. Calling the total noles of contani nant gas

i nt roduced into t he sampl er (in M) ‘EZ/I;

Vo, = M [ o X i be stat S yrfyiam |/

PVaE Moy By X s Wt gt e By
\Wher e , r i is I of absggbed.i nto the |iquid,

My M P! €577 9881 2bsK N q

so t he M terns cancel | eavi ng

- a H

X1 / Py, T M[ a] [rl 1 Tm[/dYk[ | |]m* The | ast term

represents the nimber of noles of gas absorbed by the liquid

di vided by the total nunber of noles of gas (brought into the

sanpler), which is the definition of efficiency of absorption.

Substituting, eff-'""-"<>ncy <,) for the csrmx. /[ pv* , the

equation for efficiency may be arrived at. It is:

E=(1- e ™Mb/ kv (4)
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Based on the above equation (4), Elkins et al. state that
effici ency depends only on: the nunber of noles of air
sanpl ed; the nunber of noles of the absorbing liquid; and, the

volatility of the contami nant being collected (42, 102).

In the equati ons above, the inplicit assunption is made that
t he process described by the rate equation (1) proceeds to
conpletion (as defined by v.), i.e, that diffusion of the gas
reaches equilibriumbetween the liquid and gaseous phases for

each air bubble (53). In equation (2), x- is dependent upon

vhr (as well as k and p). In other words, this equation is

predicting that, for a given volatility (vapor pressure "k"),
i nconi ng concentration "p," said nole ratio "v ''" of air to
liquid, a concentration "x "' in the liquid will be fornmed by

absorpti on proceeding to the nei xi num extent possible. This
treatment sinply does not consider the rate of absorption with

respect to tinme. If insufficient time is avail able, absorption

wll be inconplete, x» will not be reached, and the

collection efficiency will be thus reduced. Therefore, the
final equation for collection efficiency (4) actually describes
t he maxi num efficiency that can occur (53), if sufficient tine

is given for the absorption to occur.

As can be seen in equations (2%, (3) and (4), the incoirinp air
concentration (p) affects the final concentration in the liquid
(x ) in equation (2) but cancels out of the efficiency

equation (4) because it appears in the definition of efficiency
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(which is proportional to the ratio of x* and p). As noted

above, however, there is a tine-dependent absorption rate; it
wi || be dependent upon the concentration "p" because the actua

mechani sm of absorption is diffusion through and between the
air and liquid, and diffusion flux (tinme rate of transfer of
material) is dependent on concentration differences (based on
Pick's First Law [102]). As absorption proceeds, increasing
the value of x, and of the termkx, kx (which is also the
m ni mum concentration in the exiting air even if the maxi mum
predi cted absorption occurs) nmay approach p, in which case the

di ffusion may be too slow and collection efficiency will suffer.

The following is a qualitative description of the nmechani sm of
absorption by solution: Before sanpling begins, there is no
gas dissolved in the solution, so at the instant sanpling
begi ns, the vapor pressure of the gas fromthe |iquid sol vent
is zero. However, gas is i mediately absorbed into the
solution and as soon as this occurs, there is a finite vapor
pressure which is al ways dependent upon the concentrati on of
gas dissolved in the solvent. Therefore, for practica

pur poses, absorption is never conplete (102); it can only
proceed to a portion of conpletion, and the portion is governed
by the rel ationshi p between the vapor pressure of the dissolved
sas and tha partial pressure of the gas in the In'”oialng a**”"

As noted above, it is assuned that diffusion reaches
equi li briumfor each gas bubble or increnmental volune of gas

before its contact with absorbing solution ends (17). Put
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anot her way, an air bubble entering the sanpler contains a
certain (assTinmed to be relatively high) concentration, and the
gas diffuses into the liquid until the airborne concentration
is equal to the vapor pressure fromthe dissolved gas. The
exiting air contains this concentration. Therefore, the
portion of the gas in the bubble that is absorbed reflects the
di fference between these concentrations. During sanpling, sone
vapor will escape but it is replaced (102); this is because the
net quantity of contamnm nant absorbed from a bubble is

determ ned as stated above, so no additional net |oss wll

occur .

As sanpling proceeds and nore gas is dissolved, the dissol ved
gas concentration rises, and thus does its vapor pressure,
until the latter reaches (or, nore accurately, approaches) the
ai rborne partial pressure (defined as the product of total
pressure and nol ar concentration for a perfect gas). If this
occurs, then the incomng air concentration will already be at
the equilibriiamconcentration (which is determ ned by the vapor
pressure and thus the liquid concentration) for the current,
high liquid concentration. At this point, there is no net
diffusion required to reach equilibrium (since it is already
achi eved) so no further absorption occurs; therefore, continued
sampling will not Increas" *-he concfentration of gas in solution
once this situation, which 1~ in effect an overall equilibriim,
is established (102). Mathematically, this occurs when the air

volune (rmolar quantity) becones I|large enough that the
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exponential termin the equation (4) above tends to di sappear
| eaving efficiency inversely proportional to the air vol une
sanpled (53). In fact, if the incom ng air concentration were
to be reduced when this situation existed, or to such an extent
at any other tine to where the vapor pressure were to exceed
the partial pressure in the incomng air, then desorption from
the liquid will occur instead of further absorption. This wll

| ower the concentration of the dissolved gas.

The di scussion of the previous paragraph does not actually
contradict the assertion by Elkins et al., based upon their
fornul ae, that the concentration of vapor in the air is not a

determ nant of collection efficiency (102). It nerely reflects

the fact that the concentrati on of the contam nant nust be

sufficiently high that "v" remains bel ow specified values (17)

(since efficiency is inversely proportional to "v" [17]). |If

the concentration (p) is too low, a large sanple volin e (and

thus large "v" value) nay be needed to obtain an analytically

det ect abl e concentration "x," causing the situation described

in the previous paragraph to occur.

Since efficiency is also inversely proportional to "k," this
sampling procedure is linmted to materials with acceptably | ow
vapor pressures (17). “lkir.s et al, (42) state thn*- effitjencv
of collection can be increased by cooling tha solution
(reducing contam nant volatility [k]) (17, 42, 102), increasing
the sol ution vol xune by addi ng nore bubblers (17, 42, 102), or

altering sanpling device design (102).
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Both Elkins et al. (42) and Gage (53) state that sanpling rate
is not a deternmining factor for collection efficiency (102).
However, this is based on the equations derived above, with the
assunpti on of conpl ete absorption up to the theoretical
nEi ximjan. This is not necessarily going to occur, and sanpling
rate could in practice have an effect on it. For exanple, if
the sanpling rate is too high, not enough tine will be all owed
for maximumtransfer. If it is too low, with certain sanpler
designs it could be possible for insufficient turbulence to be

created to all ow thorough m xing, with no conpensating increase

in residence tine or decrease in bubble size.

In the above treatnent by Elkins et al. (42) of absorber
performance, only a single absorber is considered. The
t heoretical collection efficiency of a series of absorbers wll
exceed that of a single one because each successive unit can
achi eve the sanme efficiency (fraction renoved) as the previous
one, but starts with a reduced i ncom ng concentrati on.
Therefore, at the end of the series, the exiting concentration
will be nmuch Iower than that exiting the first absorber,
meani ng the efficiency of renoval is better. The mat henati cal
treatnment which they used to consider multiple absorbers
produces additional terns in an equation sinlar to equation
(?) abov”~. For two absorbers in series, the feallow ng fiv~cion

csii be derived in a simlar fashion to that shown for

equation (2):
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P p( e AL ke b [ k(5

where "y" is the concentration (nole fraction) of gas dissol ved

In the liquid in the second absorber. It should be noted that
t he denom nator of the term"v" is the nunber of nol es of
liquid in each absorber, not the total anount from both of
them The average concentration in the absorbing solution when

the contents of both absorbers are conbined is:

(XM 49122 p(2 - 28 MATN - ke MY [ 2k (B).
The addition of further absorbers adds sinilar new terms.

El kins et al. also considered the effects of deviation from an
i deal solution. They made refractive index curves and neasured
the volim e change on nixing for the systens which they were
consi dering, and used these characteristics to predict the
deviation fromideal solution behavior. In al nost every case,

these predictions accurately predicted the degree and direction
of deviation fromthe absorber system performance predicted by
the mat hemati cal nodels; the nmathematical nodel s ot herw se
successfully predicted absorber performance (42). The
i nvestigators did not propose reasons why one system
considered, tetr«»r' Ml <*ro«"*-bylen:» in anyl acetate, did not as
closely follow the predicteu behavior as other tested systens
did (42); perhaps the possibility of insufficient mxing and/ or
absorption tinme leading to inconplete absorption played a role

in this.
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In 1950, Elkins (43) again proposed the equations (1), (2), and
(3), above, as well as the discussion of the effects of
nmul ti pl e absorbers. Additionally, however, he proposed a
si npl e experi nental procedure for the deternination of the
val ue of the volatility constant (k) if substanti al
non-ideality of solution is suspected, rendering the use of
vapor pressure data invalid. This procedure calls for pure air
to be aerated through a dilute solution of the gas in the
sol vent of interest, followed by deterni nati on of the
concentration of the final solution. The nolar quantities of
air and sol ution nust be determ ned by neasurenent, and the

foll owi ng equati on may then be enpl oyed:

In(xQ/ X) = kv (7),

where "x " and "x" are the initial and final concentrations
of the solution, respectively, and "k" and "v" are as before.
O course, poor mxing and/or insufficient residence time could
lead to inefficient desorption, nmaking the volatility appear

artificially low, so care should be taken to avoid those

pr obl ens.

As di scussed above, the assunption nade by Elkins et al. in the
mat hematical treefnprit oi" s™norber perfornwr.c«» Cthat diffusion
of a gas or vapor reaches equilibriumin sach air bubble) is
not always valid in "real world" situations, and because of

this, the efficiency calculated fromtheir equation nust be
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consi dered the maxi m un theoretically achievabl e efficiency, and
must be verified by testing. Many factors (beyond the three
that they propose as influencing collection efficiency) wll
i nfluence the extent to which this assunption is net in a given
situation. These, in turn, will influence the collection
efficiency. In practice, then, collection efficiency will be
influenced by a wide variety of factors (17) of both
t heoretical and practical inportance, including: (1) The
degree of contact between the gas and the absorbent (determ ned
by the size of bubble [17, 43]) (17); (2) The duration of
contact (determ ned by the |l ength of the path through the
absor bent which the bubbl es nmust nove across, and the rate of
gas flow) (17, 43); (3) The rates of diffusion in and between
the gas and liquid phases (transfer coefficients) (17, 103);
(4) The degree of solubility of the contam nant in the
absorbent (17, 103); (5) The volatility of the contani nant
(17, 103) (nunbers [4] and [5] are related because the sol vent
effect of the liquid, when the solubility is high, causes
depression of the vapor pressure [103]); (6) The volunme of air
sampled (17); (7) The volune of the |liquid absorbent (102);
(8) The concentration of the gas in the air; and, (9) The

deviation of the solution fromideality (42, 43).

In 1960, Gage (53) used water as an i bscrbeu*- f~r airbor->p
ethyl ene oxide to test the relative inportance of sonme of the
above factors on collection efficiency. His results refl ected

the effect of increasing air sanple volune on the efficiency


NEATPAGEINFO:id=B073B825-BF76-4802-9AB4-3FAA7932D8DB


64

predi cted by the equati ons devel oped by Elkins et al. " above.
He found that gas flow rate had some effect when its val ue was
rat her high. For this system he found no effect when varying

t he absorber design anong three types.

Neal e and Perry (98), in 1959, also perfornmed experinents to
test the effect of sone of the above factors on coll ection
efficiency. Their results also reflected the effect of
i ncreasing air sanple volunme on the efficiency predicted by the
equat i ons above, but recoveries averaged 4% bel ow t he
t heoretical maxi mum They attributed this fact to the
nmechani cal efficiency of the absorber. They al so tested
various sizes of solvent containers and delivery tubes for
si mpl e gas washing bottles (such as inpingers; the types of
absorbers are di scussed bel ow). Container size had no effect
but delivery tubes with narrow jet openings, like inpinger
stens or capillary tubes, gave performance superior to those
that did not (with the latter being the best). This finding is
per haps associated with bubble size and/or delivery velocity.
Finally, these investigators tested the effects of changing
tenperatures on collection efficiency. A though the equations
present ed above woul d predict a | oss of efficiency with higher
tenperatures due to increased volatility (k) of the gas being
coll ected, tbesp invesii:7ators suspected that the decrease i

sol ution viscos;**"./ with higher tenperatures could tend to
i ncrease the nmechanical efficiency and thus the coll ection
efficiency. These effects would then, to sone extent, offset

one another. Their results tended to confirmthis.
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Neal e and Perry (98) devel oped equations effectively simlar to
those of Elkins et al. (42) (equations [1] through [4]) except
that sanpling rate and seunpling tine were used in place of
total sanple "volunme" (actually nolar quantity of air).
Therefore, a tine term (t) appears in their equations.
However, this does not reflect a consideration of the tine rate
of diffusion di scussed above, and should not be m staken for
such; conpl ete absorption to the theoretical maximim is stil

assuned in the investigators' mathematical treatnent of the

subj ect .

2. Absorption by Chenical Reaction

Unli ke the case of absorption by solution, with absorption by
chenical reaction conplete retention is possible as long as
sufficient tine is allowed for conplete reaction and a
sufficient excess of reagent solution is nmaintained (53, 102).
It does depend upon the voliraie of air bubbles produced by the
bubbl er and the interaction of contfininant with reagent
nmol ecul es (102). This is a recognition that the contamnm nant
must mgrate through the air bubbles to the solution before the
reaction can occur, and insufficiently intinmate contact wl|
cause poor collection efficiency. If essentially conplete
reacti on does '~JCur, t\len. conplpte retention is possible
because, unli ke the case of absorption by solution, the

concentration of contam nant in the solution will remain

essentially zero as the reaction consunes the contam nant.
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Therefore, the volatility of the contam nant itself becones

irrel evant as a source of inconplete collection.

In the case of absorption by chem cal reaction, then,

collection efficiency will be influenced by the foll ow ng
factors: (1) The degree of contact between the gas and the
absorbent (determ ned by the size of bubble, which may be
affected by rate of gas flow [53]); (2) The duration of contact
(determined by the length of the path through the absorbent
whi ch the bubbl es nmust nove across as well as the rate [53] of
rise through the liquid, and the rate of gas flow); (3) The
rates of diffusion in and between the gas and |iquid phases
(transfer coefficients); (4) To a slight degree, the degree of
solubility of the contamnant in the absorbent (if the gas is
totally insoluble it may never interact with the reagent);

(5) The rate of chemcal reaction (17); (6) The molar quantity
of contam nant to be collected and reacted (determ ned by the
vol une of air sanpled (17) and the concentration of the gas in
the air); (7) The nolar quantity of reagent in the liquid
absorbent (determned by the volune of the liquid (102) and the
concentration of the reagent [17]); (8) The nature of the
reaction product (i.e., it should be non-volatile and
chemcally stable, and, for nost types of analyses [except, for
exanpl e, when a precipitate is desired], easily soluble in the
absorbing solution; otherwise, the effectiveness of collection
will suffer); and, (9) The volune of liquid solvent (to ensure

that the reaction product will remain dissolved, when desired).
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The above factors are simlar to those for absorption by
solution, except that the volatility and | oss of solute
(contam nant of interest) are no |onger a consideration, while
certain aspects of the reaction, such as its rate (point [5]
above) and the need to maintain sufficient reagent (points [6]

and [7] above), becone added consi derations.

In 1960, Gage (53) used formal dehyde in sulfuric acid as a
reagent/absorbing solution for airborne chlorobenzene to test
the relative inportance of sone of the above factors on
collection efficiency. For this system he found that fritted
bubbl ers and speci al narrowflask inpingers increased
efficiency of collection over ordinary inpingers and inpingers
filled with glass beads. Gage al so used a cat hode-ray
oscill oscope to determ ne bubble size at various gas flow
rates, and then determned collection efficiencies at various
flow rates. The bubble dianeter increased with increasing

flow, while the collection efficiency decreased with increasing

flow

3. Final Comments, Both Types of Absorption

Both types of absorption nay be negatively affected by
excessive volatj.ij.;.y of the solvent liquid (absorbing solutiori)
itself, aa. it may evaporate sufficiently during sanpling to
significantly reduce the volume available for absorption of the

solute, thus reducing the collection capacity. Collection at
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| ower tenperature may be enployed to reduce solvent volatility
and control this problem(103).

Types of Absorbers

There are four basic types of absorbers (102). These are:
sinple gas washing bottles (including inpingers); spiral and
helical absorbers; fritted bubblers; and, glass-bead col ums
(102). The first includes sinple designs which provide strezins
of individual bubbles moving through the absorbing sol ution

while the latter three are nore conplex to provide for nore
intimate contact between the air and the solution, increasing
the efficiency over the sinpler type (122). The latter may be
| ess practical to use, for reasons such as being subject to
clogging and/or difficult to clean due to the conplexity of the
physi cal shapes (122), so the gas-washing bottles are preferred
whenever they are sufficiently effective. The length of travel
through the collecting mediiamin a sinple washing bottle is
approxi mately equi valent to the height of the
liquid (103, 122), whereas in spiral and helical absorbers the
path may be five to ten times longer (103, 122). In inpingers,
the constricted tips of the inlet tubes may increase the
efficiency by decreasing the bubble size, conpared to other
types of siinplp vashing bottles "4j) In fritted glass
bubbl ers, air bubble size depjnda upon the dianeter of the
orifices fromwhich they energe and on the the
liquid (103, 122); some liquids tend to allow a heavy froth to
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form increasing the contact time (103, 122). Packed
gl ass-bead colioms are especially useful for viscous |iquids
(103, 122), and provide a large surface area for collection
when wetted with absorbing solution (103, 122). Afifth type

of absorber, the spray tower, may be useful in specific

I nstances (17).

The performance of none of the absorbers has been
systematical |y eval uated, but many specific applications have
been shown through testing to have acceptabl e performance
characteristics (90%or better collection efficiency has been

considered a satisfactory mnimumas a rule) (17).

Testing of efficiency

Frequently, in the past, the performance of a single absorber
has been checked by conparing the relative performnce of two
in series. The presence of relatively large quantities of
contamnant in the second woul d reveal poor performance in the
first (17). However, lack of significant amounts in the second
does not necessarily indicate high efficiency in the
first (17, 103), since it may be that the contamnant is not

trapped effectively by either absorber (103).
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B. The Collection Efficiency of Aqueous SodiumBisulfite for Arborne
For mal dehyde

The col lection of airborne formal dehyde with aqueous sodi um
bisulfite is the system Tonder study. The collection efficiency of
water and ot her agueous sol utions for formal dehyde was reviewed
where appropriate in Part |l.F, above, as part of the literature
review of sanpling and analytical nethods for formal dehyde, but the
di scussion of the theoretical and experimental aspects for the
bisulfite systemwas not included in Il.F. 3, which reviewed the
chronotropi ¢ acic method (which is used to anal yze sanpl es
col lected with this system) so that it could be discussed in depth

her e.

1. Absorption by Solution or by Chemcal Reaction

For mal dehyde will react rapidly with sodiumbisulfite in
aqueous solution to formthe non-volatile sodi um

formal dehyde- bi sul fite conpound (60) (al so known as oxymet hyl

sodium sul fonate [1]):

OH

/

HCHO + NaHSO ~> H'C
\
0SO*Na
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Thi's conpoTnd is stable and will deconpose only if the solution
i's made distinctly alkaline (60); the dissociation constant
(K') for the formal dehyde-bisulfite ron (HQ 0H 080~)
has been determined to be 10 * (121). Therefore, it can

be concluded that absorption by chemcal reaction will accoint
for most of the absorption which occurs.

Absorption by sol ution nust be considered as possibly acting as
a mechanismthat is partially responsible for the absorption of
the formal dehyde. This mechani smwoul d becone inportant in the
case where large sanple voltmes and/or high sanpl ed
concentrations caused all of the available NaHSO in the
absorbing solution to be consuned, so that no further
absorption by reaction could occur. Also, the small portion of
the formal dehyde which is not reacted with NaHS03 due to the
reaction equilibriumwll remain in solution, and wll exhibit
the characteristics of absorption by solution. (The reaction
|s rapid, sothis effect is unlikely to be caused by the speed
of the reaction). Gage (53) discussed cases in which retention
of a gas was found to be partially due to reaction and
partially due to absorption. Wenever absorption of
formal dehyde into aqueous solution does occur, the theoretica

efficiency should be high since the water-air "partition
coefficient" has been pMI»-'"" u nare a value of 500 (71) (this

apparent|y refers to I'h?=inverse of the vapor pressure
constant [K]).
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Experinmental Investigations of this System

Sone investigations of the collection efficiency of aqueous
sodium bisulfite for airborne fornmal dehyde have been
docunented. These are summarized in Table II1. As can be seen
in the Table, generally high efficiencies have been doctinented

\nder the conditions which have been tested.
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Table I11. Studies of the Collection Efficiency of M Aqueous SodiumBisulfite in Mdget |npingers

e, U Y

Investigator(s), D,.te, Reference Nunber

Meadows « Rusch 1983 (86)

Levaggi S Feldstein 1969 (78)

Col dman i Yagoda 1943 (60)

W1 son 1958 (135)

Bal mat & Meadows 1985 (19)

1 ns = not specified

2 inplied to be 5to 30 rain

IRRE NN

7 nsh
1 ns?
ns
ns
--60
"eo
-"60
—60
2 480
5 480
5 480

sl

60

ns

ns

ns

ns

ns
ns
ns

ns

96
240

240

for Formal dehyde

Air Sanple Ai rborne Oollect|0n Efficiency %Oollected
Vol mal dehyde 1st” 7ni
Concentrations, Inplnger | npi nger Inplnger
ppm
98
1.4 96 4 ni |
5.9 92 7 0.5
7 100
?1 97
101 98
7 96
20 97
78 98
0. 48 93 (0]
0.48 90 o]
0.48 100 0]
0.48 100 (0]
1.08 93.5-123.1
(NE4)
1.08 75.0-123.1
(N=4)
0. 05 94- 99+
(avg S 99)
(N=10)

Not es

Resul ts
based on %

carryover to
the 2nd

i mpi nger

I npingers in
ice bath

Referred to

I npi nger results
from 15-30 nin,
0.5 L/mn

sanpl es
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STUDY OBJECTI VES

The basic objective of this study is to deternine if an acceptable
collection efficiency for airborne fornal dehyde vapor occurs,
t hroughout a useful concentration range* when coll ecting at nospheric
sanpl es with mdget inpingers containing 20 nL of aqueous 1% sodiira
bisulfite (as specified in the chronotropic acid nethod for
f ormal dehyde as currently prescribed in Method 3500** (45) of the
National Institute for Qccupational Safety and Health [NICSH] ), if
volunetric flow rates bel ow t hose whi ch have been previously
eval uated, *** and/or total sanpling tines exceedi nhg those previously

eval uated, *** are utilized.

* As defined in Part V, "Study Design", based upon the

concentration | evels discussed throughout Part 11.

** This method is discussed in Part |1, Section F;, also, a photocopy

is provided in Appendix E

*** Part |11 reviews the previously docunented collection efficiency
and the sairplin® conditions %o which it applies. Generally,

collecLioii efficiencies of 93 B 100% have been achi eved but fl ow

rates less than 1 L/mn and sanpling tines exceeding 60 mn have

not been tested.
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More specifically, the study conpares the actual concentration of
formal dehyde in the sanpl ed at mosphere with the neasured fornal dehyde
concentration tinder the sanpling conditions being tested, and
determnes if the collection efficiency is significantly reduced

(statistically) fromthe rate previously docunented*** under

di fferent sanpling conditions.

The broader objective is to increase the versatility of this sanpling
met hod by docunenting the coll ection performance at reduced fl ow
rates over |longer portions of the workday (the former keeping total
anal yte nass to a reasonable level while the latter allows a sinpler

sanpling strategy for the industrial hygienist).
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STUDY DESI GN

Overvi ew

This study is a laboratory, rather than field, study. The reason
for this choice is that a |aboratory study provides superior
control over the possible variables, and an air-sanpling method
intended for field use should be |aboratory evaluated prior to
field testing. In order to evaluate the collection efficiency of
the sanmpling method of interest with a laboratory study, it is
necessary to repeatedly generate test atnospheres wth known
concentrations of formal dehyde, sanple the atmospheres with the
sampl i ng method, and anal yze the sanples and cal cul ate the
sanpl ed concentrations. The sanmpl ed concentrations are then
conpared with the "known" concentrations of the test atnospheres
to determne the efficiency of collection (defined as the former
divided by the latter, and usually expressed as a percentage).
Prior to conducting this evaluation, the concentration range to
be used and the ranges of the sanpling paraneters to be neasured
(volumetric air-flowrate and sanpling tine) nust be determ ned,
as raxis*- th«> number of levels of each of these p&ranjp.t*rs and the
number of replicate sanples at each |evel needed to ensure valid
results. The determnation of these specifics of the design is

described below, in Subpart B of this part.
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Two types of vapor generating systens, static and dynamic, were
considered for this study. A static generating system generally
consists of a |arge chanber of known vol une, containing clean
air, into which a known quantity of the contamnm nant of interest
is introduced; this provides a known initial concentration. As
the sanmpling is conducted, the contam nant-laden air is drawn
into the sanmpler and clean air nust be introduced to the chanber
to take its place. This causes the concentration to decay during
the test, which is undesirable since a fairly constant
concentration is needed to investigate the rel ati onship between
sanpl i ng perfornei nce and vapor concentration. A dynam c
generating systemgenerally consists of an apparatus into which
clean air and contam nant are each introduced at a known,

constant rate throughout the test period, providing a constant

vapor concentr at i on.

A special consideration with formal dehyde vapor is the need to
establish an equilibriumin terns of "wall effects" - absorption
of a portion of the generated vapor onto the walls of the
generating system- and other efects (this is discussed later, in
Section 2.a of Part VLB), which would presumably be difficult in
a situation in which the concentration is changing. A static
generating system with its |arge chsinber, generally has a
relativeily large inter.:/?! surface area conpared to a dynamc
systcEi furtlivii enhancir'” trie wall effects problem Furthernore,
a dynani c system can be operated for a tine period prior to the

collection of sanples from its output, during which an
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equi li brium between the vapor and the absorbed vapor can be
approached (59). The characteristics of a dynam c generating
systemare much nore suitable for this study with respect to each
of the considerations above. This is particularly true
considering the excellent generation systemreproducibility
required to use the cal cul ated concentrati on based on the feed
rates to the system as the "known" concentration in the
generati ng system as discussed in the next paragraph.

Therefore, the dyneim c generation principle was chosen for this

st udy.

Using a design as thus far described, it is necessary to
establish an accurate nejuis for deternining the "known"
concentration in the generating system Either an i ndependent
sanpl i ng met hod of known accuracy nust be enployed at all tines,
or a cal cul ated concentrati on based on the feed rates to the
system nust be used. The forner creates practical problens
related to | arge nunbers of sanpl es and anal yses required
simul taneously, while the latter may not be accurate due to
nmet ering problens or |osses of vapor in the system In order to
enpl oy solely the cal cul ated concentrati on based on feed rates,
there would be a need to first evaluate or "calibrate"” the
generating systemto establish that its precision and accuracy
were within acceptable bounds. Tt was decided to attenpt such an
eval uation so that the cxpe' -i»»>e"*-al portion of th*' study could be
conducted wi thout an independent sanpling nmethod. In general,

the method used to evaluate the generation systemis sinlar to
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t hat descri bed above for conducting the nain experi nent
(collection efficiency evaluation), except it is reversed: a
sanpling and anal ytical nethod of well-documented accuracy and
precision is used to sanmple the generation systemoutput, and the
generation efficiency is represented by the cal cul at ed
concentration fromthe latter divided by the sanpl ed

concentration of the forner (usually expressed as a percentage).

For this study, N OSH Method 3500 (45) (the sane one under study
for changes in collection efficiency) was suitable for use in the
eval uati on of the generation system as |long as only the
wel | - docunent ed sanpling procedures were used (1 L/min flowate,
60 mMn sanpling time). Using this nethod also sinplified the
overall study desi gn because during each of the two phases
(generation system eval uation and col |l ection efficiency study) a
conbi ned neasure of generation and collection efficiency can be
docunent ed and conpared, w thout a need to separate the two;

changes in the conmbined efficiency can be attributed to the
sanpling conditions iinder study since the generation system

paraneters can be held constant throughout.

The generati on system was desi gned consi dering the tenperature
and pressure of the atnosphere provided to the sanplers, by
conscious attenpts to keep the mixture at near-anbi ent conditions
and by providing for neasurenent devices to ensure that such
conditions were indeed provided. However, the relative humdity

was neither controll ed nor nonitored. This i s because an
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i npi nger contai ning an aqueous nedia was used in the nethod under
study, and the air in the bubbles entering the inmpinger should
very qui ckly approach saturation (100%rel ative hum dity)
regardl ess of the water vapor level in the incom ng atnosphere;

effectively, then, humidity was not a variable.

Specifics of the Design

This Subpart will discuss the selection of the nunerical val ues
of the paraneters which are varied in the study, first

consi dering the nunerical ranges needed to neet the study
objectives, and then the statistically required ntraibers of
values; it will also discuss the statistical requirenments on
ot her design considerations, such as replicate data needed, to
assure statistical validity of the study. This discussion
generally pertains to the actual experinmental phase of the study
(as opposed to the evaluation of the fornal dehyde vapor
generating system which is discussed briefly in Part VLB.4 and
fully in Appendix B; however, the generating system does need to
be able to provide fornmal dehyde vapor in the concentrations and
quantities needed to study the sanpling systemas specified by
this design). O course, the final design is necessarily
affected by practical considerations, and by the perfornance of
the generating sys'-emas docunented in Appendix B. The actua

values Uiied in the r.:,;iT3e of the study to meet the specifications

of the design presented in this Part are presented in Part VLB
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Det ernmi nati on of Desired Ranges of Variation for Paraneters

Varied in Study

Concentrati on Range

For occupational health and environnmental health
purposes, it would be desirable to evaluate the sanpling
net hod across a reinge of roughly 0.1 to 10 ppm of
ai rborne formal dehyde sinply because this is the range of
t he maxi mum ai r bor ne exposure concentrati on
reconmendat i ons and | egal standards published by vari ous
rel evant organi zations (see Table II-7 in Part |I.E), and
t hus presumably the range in which the nethod will be
call ed upon to perform For practical purposes, however

the 10 ppm | evel (OSHA Maxi rum Peak) is i mecessarily
hi gh because excessive irritation at concentrations even
wel | below this have been docunented (see Part 11.D.|.b),

so that workers probably cannot tolerate this |evel.

Therefore, it would not be expected to be encountered
frequently. The exposure data in Part Il.C confirmthat,

t oday, exposure levels rarely exceed 5 ppm Therefore, a
conveni ent niinber between 5 and 10 ppm nay be chosen as
the upper Iimt of the renge. Health effects have rarely
been cMocimented *2<- |evels belov 0.1 ppm (see Part 11.D),

so the Uot. of *-''~" C | j-nmlevel f”ecnis reasonable as the
lower limt if stable generation of this concentration

can be achi eved. (The generation of


NEATPAGEINFO:id=0A07D953-217E-4C99-805A-20AF661F9B61


82

f or mal dehyde- cont ai ni ng at nospheres i s consi der ed
difficult (78), with the problem being greater as the
|l evel s are reduced toward 0.1 ppm (59); the wall effects
(59) requiring the achieverrent of equilibritim (59, 135),

or other problens, may be the cause).

b. Volunetric Air-fl ow Rate Range

Consi deri ng the study objective (see Part |1V) of
evaluating the collection efficiency of the sodi um
bi sul fite sol ution/inpi nger sanpling system for
f ormal dehyde at volimetric air-flow rates bel ow t hose
previ ously evaluated, the contents of Table IIll in
Part 111.B.2, which contains data from previously
publ i shed studies of this system were reviewed to help
determ ne what range of flow ates should be studied. (An
exception to this is that the 1985 study of Bal mat and
Meadows (19) was published after this review and deci sion
process was conpleted.) Cenerally, flowates of 1 to 3
L/ m n have been previously studied, so 1 L/nmin was chosen
as the upper Ilimt of the desired range. One nmin
pur pose of decreasing the flowate is to allow for | onger
sampling times (for example, up to a full 8-hr shift in
i ndustri al - hygi ene sanpling, instead of only 1 hr as
traditionally recomenaed [93]) whi'!? vsipiag the tot”l
volune collected in the sane range as when 1 L/mn is

used, so that the nmass of formal dehyde collected remins
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in the same range for simlar airborne concentrations. A
lower limt for the flowate of 0.1 L/ mn was sel ect ed
since it is a convenient value that neets the above
criterion. To ensure that such a |l ow fl owate was
practical, a personal sanpling punp was used to draw
0.1 L/min of air through an inpinger containing 20 nL of

water; it was found by visual observation and severa

fl owate neasurenents that this flowate could be

consi stently mai ntai ned.

Sanpling Ti me Range

As noted above, it is desirable to be able to use the
sodi um bi sul fite solution/inmpinger sanpling system for
f ormal dehyde for | onger sanpling tines (for exanple, up
to a full 8-hr shift in industrial-hygi ene sanpling,

instead of only 1 hr as traditionally recomended [93]),

so evaluating the collection efficiency over |onger tines
than those previously evaluated (see the contents of

Table 111 in Part 111.B.2, which contains data from
previ ously published studies of this system is also
desirable. Generally, sanpling tinmes were not specified
in the studies but were inplied to be rather
short f<1 hr); a 1-hr sanpling tine was specified In one
st-i;dy (135). (As noted in Subsection b, above, the 1985
study of Bal nat and Meadows [19] was published after the

previously published studies of this systemwere already
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reviewed and used to hel p determ ne the range of sanpling
tines to be studied.) The lower |inmt of the tines
studi ed was t hus chosen to be 1 hr. Both 4-hr
(hal f-shift) and 8-hr sanples can be conveni ent for
i ndustrial hygienists to collect, so these were
consi dered the desirable values for the internedi ate and
upper levels of sanple tine to be studied. Section 2, on
the statistical design, provides nore information on the
sel ection of the upper linmt of the range which was

actual ly sel ected.

Statistical Design

The following criterion was used to fornulate the statistica

desi gn of the experinmental study: an 80% power of detecting,
for one or nore airborne fornmal dehyde concentration | evels,

sanpling tine levels, or voliinmetric air-sanpling flowate
levels, a difference of 16 percentage points in collection
efficiency froma collection efficiency of 96% (i.e.,

detecting a collection efficiency of |less than 80% . The
collection efficiency of the method under study has been
docunent ed under sanpling conditions of approximately 1 L/mn
flowate and 1 hr sanpling tinme, and averages 96% (as
detprm ned for t~e evaluatio:i of the generation systemin
Section 4 of Fait vi.B); tb™' ii why detecting a significant
di fference from 96% when the sanpling tines and fl ow ates

were varied was desired. As determ ned by the eval uation of
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t he generati on system (Section 4 of Part VLB), the
generation efficiency averages 91% It is convenient to
nmeasure the conbi ned generati on and coll ection efficiency
(which is proportional to the collection efficiency, since
t he generation efficiency has been deternined to be constant)
when actually operating the experinental system Fromthe
generati on system eval uati on, the conbi ned efficiency under
t he previously docinmented sanpling conditions was determ ned
to be 87.3% at the criterion | evel of 80% coll ecti on
efficiency, the conbined efficiency will be the product of
that and the generation efficiency (80% x 91%, which is
72% Thus the design was actually fornmul ated to detect a
di fference of 15 percentage points (between 87.3% and 72% in
conbi ned (generation and collection) efficiency. Al so used
to fornulate the statistical design of the experinental study
was the coefficient of variation (C V.) of 3. 7% fromthe
generati on system eval uati on experi nent, which is associ at ed
with the error termin the ANOVA for that data; this error

termincludes sanmpling and enmal ytical inprecision and any

ot her unknown vari abl es.

The desi gn was based upon varying the foll owi ng paraneters:
t he nunber of airborne formal dehyde concentration |evels; the
nunber of sanpling tine |levels; Lte nunber of volunetric
air-sanmpling flowate levels; tlii, nunber of replicate
generations ("runs") per conbination of the above three
parameters; and, the nunber of replicate sanples collected

per "run."
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A famly of proposed study desi gns was devel oped. Each
design, consisting of a proposed ntmerical value for each of
the five paraneters noted above, was subjected to a power
cal cul ation of the Analysis of Variance (ANOVA) type; if it
was found to have sufficient power for this analysis, it was
then subjected to a power cal culation for an anal ysis by
response-surface determ nation. The reason for this was the
intention to use a two-step analysis, with the ANOVA
performed first, possibly followed by the response-surface
anal ysis; therefore, the chosen desi gn needed sufficient
power for both types of analyses. The purposes and details
of the two anal yses that were planned, and the nethods used
to make the power cal cul ations for each, are described in the

fol | owi ng paragraphs.

ANOVA — The ANOVA around whi ch the proposal s were desi gned
was intended to test for significant differences anong the
mean conbi ned efficiencies for the vari ous | evels of each
paranmeter (concentration, flowate, and sanpling tine) and
each two-way-i nteracti on conbi ni ng these paraneters.
Vari ati on due to generation inprecision ("run"-to-"run"
variability) would be included in the error term as would
variati on due to seunpling and anal ytical inprecision, or any
ot hs»- unknown vari abl es. The power cal cul ati ons used the
nunber of degrees of freedom avail able from the aaixi
effects of concentration, sanpling flowate, and sanpling

time (three of the paraneters above); the two-way
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interactions of each of these three paraneters (flowate and
concentration, tine «ind flowate, and tine and
concentration); and, the error termcontaining the renaining
degrees of freedom needed to allow for the total nunber of

sanples called for in the specific proposed design

Repl i cate generation "runs" were specified (for at |east sone
conbi nati ons of the values of the paranmeters) in the proposed
study designs to act as the |l owest |evel in the anal ysis.

Vari ati on associ ated with the | owest | evel cannot be
specifically investigated, as discussed in the statistical

design of the generation system evaluation in Section a of
Appendi x B; rather, it will appear in the error term al ong
with other untested sources of variability. The conponent of
variation for this source of inprecision ("run"-to-"run"

variability) was investigated in the generati on system
eval uati on (Appendi x B) and found to be not significant (see
al so Section 4 of Part VLB), so it is not necessary to
further investigate it in the experinmental phase. However,

replicates were needed so that inprecision associated with

"run"-to-"run" variablity in generation efficency, and other
sources of inprecision, would properly be placed in the error
term thereby allow ng proper testing of the variability
associr.tst' '-'ith the next highest level in the analysis (the
hi ghei order iiit°ract:!opp”. They were al so needed to help

provide the total nunber of sanples needed for the designed

nt m ber of degrees of freedom
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Because the results of the generation system eval uati on
experinment (in Section 4 of Part VLB) indicated that the
coefficient of variation (C V.)> associated with the sanpling

«ind analytical inprecision, was only 3.7% little inprecision

requiring replicate sanples per "run" (to obtain an accurate
aver age sanpl ed-concentration value) was expected. Al so, as
noted in the previous paragraph, investigation of the
conponent of variation associated with "rtnf-to-"run"
variablity, which would require replicate ssunples per "rTin,"
is not necessary. Therefore, the designs initially proposed
specified only one sanple (no replicates) per "rtm' (which by
definition contributes no degrees of freedom; if none of
t hese designs had net the criteria, then designs with

replicates would have been proposed (but it can be seen bel ow

that this was not necessary).

Anal ysi s by Response-Surface Deterninati on —The proposed
ANOVA woul d i ndi cate whet her di screet |evels of a paraneter
vary significantly fromthe other | evels. However, it was
recogni zed that also testing for significant trends in the
data, by treating each paraneter as a continuim (as each of
these parauneters are), was likely to be very informative, and
could be nore appropriate for the final analysis than the
di screet treatnent cf the 'al OVA. Therefore, °ach proposed
desi gn was al so subjected La a yow. *r eal ctJlaLion for an
anal ysis by response-surface determ nation; this type of

anal ysis, which is based on a regression nodel and is
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normal | y conput er generated, can be very informative
regarding trends in the data. It provides two-di mensi onal
contour-nmap di agrans of the response of a sel ected paraneter
at a selected | evel of significance, with respect to two

ot her paraneters sel ected as the axes.

The power cal cul ati ons used the number of degrees of freedom
avai lable from the main effects of concentration, sanpling
flowate, and sanpling tinme (as for the ANOVA, above); the
two-way i nteractions of each of these three paraneters
(flowate and concentration, time and flowate, and tinme and
concentration); the quadratic terns, each related to the
square of one of the three main effects (included to all ow
testing for significant curvature); and, an error term
contai ni ng the renmi ni ng degrees of freedom needed to all ow
for the total nunber of sanples called for in the specific
proposed design. For the reasons di scussed above for the
ANOVA, the designs initially proposed specified only one
sanmple (no replicates) per "nm" which again contributes no
degrees of freedom (It can be seen below that, as for the
ANOVA, above, it was not necessary to | ater propose designs
with replicates.) So, the anal ysis around which the
proposal s were designed was intended to test for significant
trends in combi ned (generation and collection) efficiencies
bet ween concentration levels, levels of flowate, and Iljivels
of sanpling time, between various conbinations of values for

each of the two-way-interaction conbination paraneters, and
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bet ween | evel s of the val ues squared for each of the nain
effects. As discussed above for the ANOVA, variation due to
generation inprecision ("run"-to-"run" variability) would be
included in the error term as would variation due to

sanpl i ng and anal yti cal inprecision, or any other unknown

vari abl es.

It should be noted that the designs were fornmulated with the
intention of perform ng the analyses with the aid of the
CGeneral Linear Models Procedure of the Statistical Analysis
System (SAS), a nmi nfranme conputer package. SAS cannot
provide a contour nmap with nore than two di nensi ons, but
there are three nain effects under investigation. Therefore,
more than one di agram each representing one discreet |evel
of one of the main effects, were determ ned to be needed; in
ot her words, one nmin effect could not be displayed as a
conti nuum but would rather have only discreet val ues
represented. It was judged to be nobst inportant to display
concentration and sanpling flowate as continua so that they
coul d be eval uated across sel ected ranges; sanpling tines
coul d be evaluated at discreet |evels, because, even if the
results of the anal yses possibly indicated that one sanple
time should not be used, the sanpling nethod would still be
usaf TJI at the othf,r time(s). In order to naxin ze the nunber
of £.dnmplfc3 on """L diagram and nini ni ze the niinber of
diagrans (while still providing an evaluation of nore than

one sanpling time), the designs initially proposed specified
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only two sanpling-tine |levels; of course, if none of these
designs had net the criteria, then designs with nore |evels
woul d have been proposed (but it can be seen below that this

was not necessary).

The best design neeting the criteria with respect to both
types of anal yses (ANOVA and response-surface determ nation)
was sel ected. The foll owi ng design was sel ected and used:

2 sanpling-time | evels

3 concentration |evels of airborne fornmal dehyde and

3 air-sanpling flowate | evels per sanpling-tinme |eve

Fol | owi ng ni m ber of generation "runs" per conbination

of concentration |level and flowate | evel:

Air--sanpling
flowate | evel

A B C
Concentrati on A 1 1 2
| evel of
ai r bor ne B 1 2 1
f or mal dehyde
C 2 1 1

1 air sanple collected fromeach generation "run

24 air sanples, total
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METHODS

A. Apparatus Used

1.

Generati on System

A requirenent of this study was the devel opment of a systemto
generate, with good precision and reproduci bl e accuracy, known
concentrati ons of formal dehyde in air. The need for good
reproducibility was particularly great due to the study design
element, outlined in Part V, Study Design, stipulating that the
generati on system paraneters (material input rates or
quantities), rather than an i ndependent sanpling and anal ysis

met hod, woul d be used to determ ne the formal dehyde

concentrations.

A dynam c generation system design (as opposed to a static
systenm) was chosen because it was considered to better neet the
above requirenent, along with other reasons. The reasons for
this selection are fully discussed in Part V. Figure VI-1 is a
schemati ¢ di agram of the generation and sanpling systemused In
the study. Specifications for the equiviiiciit and materials are
provided in Section 4 of this Subpart, "Equipment and Materials
Specifications." The following is a description of the

generation systemand its principles of operation


NEATPAGEINFO:id=B22A292F-6D27-4501-902D-59D68EA0D2D7


Figure VI-1.  SCHEMATI C DI AGRAM OF DYNAM C
FORMALDEHYDE VAPOR - GENERATI ON SYSTEM

AND SAMPLI NG SYSTEM W TH
TYPI CAL OPERATI NG PARAMETERS
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The essence of the design of the generation systemis the
continuous direct injection, at a controlled rate, of
formalin (aqueous 37% formal dehyde with 10%to 15% met hanol
as a stabilizer), or formalin diluted with purified water

into a carrier gas stream The formal dehyde concentration
and injected volinme of the solution, the gas flow rate, and
the elapsed tine are all known and are used to calculate the
f ormal dehyde concentration in the gas stream This design is
simlar to ones used by Wlson (135) and Levaggi and
Fel dstein (78); the systemhardware is in many ways quite

simlar to that used by the latter investigators.

The generation and seunpling systemis constructed al nost
. — —=
exclusively from glass and Teflon (or Teflon -faced)
materials to reduce interaction between the formal dehyde
vapor and the system conponents. |In fact, the generated
m xture contacts no other nmaterial between the point of
injection (at the tip of the syringe needle) and the
collection nedia in the inpingers, except for a

stainless-steel fitting at the outlet of the heated injection

bl ock.

The use of purified nitrogen, rather than air, was
recomrended (39) as the carrier gas fcr this study. It is
readily available in puritxes exceeding 99.995%and is a
reasonabl e substitute for air, which is 79%nitrogen itself.

The nitrogen is obtained in cylinders at high pressure, and a
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regulator is used to control the pressure of the gas as it is
di scharged fromthe cylinder into the system The pressure
fromthis discharge is utilized as the notive force to nove

the gas through the entire generating system

The gas, upon |leaving the regulator, is piped to a brass
Swagel ok "T-fitting," where the flowis split. A portion
of the flowis routed via 3/8-in.-1.D. Teflon tubing,
t hrough a needl e val ve to the transducer of the mass
flowreter, then to the heated injection bl ock. The gas nust
follow a rather tortuous path through small passages within
the injection block (see Figure VI-2), so the flowrate is

restricted to less than 100 cc/mn (0.100 L/ mn).

The total gas flow rate through the systemis nuch greater

than this (see Subpart B of this Part, "Procedures," for
information on the flowrates actually used), and the
remai ning gas flow, originating at the Swagel ok

"T-fitting," bypasses the heated injection block. This
stream moves through [/4-in.-1.D. Teflon tubing, past the
bulb of a mercury thernometer (located in a Nalgenep
"T-fitting") to check for tenperature decreases due to the
expansion to | ower pressure, through the rotanmeter, to a
glass "T-fitting." There is 'eejoins with the output stream
fromthe heated injection block, dilutins tilt fornal deliyde
concentration that the output streamcontains. The comnbi ned,

f or mal dehyde- cont ai ni ng gas streamthen enters the m xing
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Figure VI-2.
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tube, which is discussed later in this Section. The
rotaneter has a needle valve, for flow control, upstreamfrom
the tapered tube and float ball. A static pressure tap
connected to a msnonmeter is |ocated just downstreamfromthe
rotameter. It is used to deternine the pressure and thus the

density at the rotaneter float so that corrections to the

flow rate can be nmde.

The heated injection block, shown in Figure VI-2, is a
machi ned al um num bl ock with threaded openings (for specia
Swagel ok -conpatible fittings) for the gas inlet and
outlet, a straight-bore opening for insertion of a septum
and an external cavity in which the heating elenent is
pl aced. The heating elenent is held in place by an alummm
cover plate. There is also a septumretainer that also acts
as a syringe-needle guide, which is attached to a
spring-1oaded nechanismthat is bolted to the bl ock.
Internal ly, there are two special glass tubes that line the
internal cavity and direct the flow, as shown in the Figure.

A 9.5-mmdiameter Teflon -faced septemis used.

The injection block was slightly nodified to allow a
t hermocoupl e to be attached so that the tenperature of the

bl ock can be dectiuixned. This was done by drilling a smal
hole in the block, just large enough so that the thermocouple
end woul d snugly fit intoit. This was done at a location

aligned with the center (wth respect to the |ong di nmension)
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of the heating elenent, about hal fway between the exterior
wall and interior cavity of the bl ock, and was sunk to a
depth roughly one-half the thickness of the block. The outer
portion of the hole was enlarged to allow the insulation on
the lead wires to easily fit into the hole. The wires | ead
to the tenperature indicator unit. The thernocoupl e end was
seated in the hole along with a heat-transfer naterial (a
paste-li ke substance) to allow good contact between the bl ock
and the thernocouple, and the lead wires are retained in the

hol e by an epoxy-type cenent.

El ectrical power to the heating elenent is provided and
regul ated by a variabl e-voltage transforner which in turn
operates on standard AC power. The voltage to the elenent is

manual |y adjustable to obtain the desired bl ock tenperature.

A Hani | ton m nge wth -Tﬁpped pl unger,
gl ass barrel, and stainless-steel removable needle is used to
del i ver the fornmal dehyde-containing injection solution. The
removabl e needle has a Teflon ferrule. During injection

the syringe needle is pierced through the septumto a depth
that places the needle tip (i.e., injection point) adjacent
to the center (with respect to the |ong dinmension) of the
hasting el ement and to the thernmocouple-end [ocation- Thin
ic done so that the injection-point tenmperature Is as close

as possible to the neasured tenperature.
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The conti nuous injection of the syringe contents at a
controlled rate over a period of tine is acconplished with a
syringe punp. This device is conposed of: a fixed base,
containing a notor, controls, reduction gears, and a hol der
to fix the position of the syringe barrel; and a novable
pl astic bl ock which slowy noves agai nst the syringe plunger
button, depressing the plunger and ejecting the injection
sol ution. A rack-and-pinion gearset, with the pinion on the
out put shaft on the base and the rack inside the novable
bl ock, transmits the notive force fromthe notor to the
bl ock. Speed is adjustable with a three-range switch and a

conti nuousl y- adj ust abl e knob

As discussed earlier in this Section, the fornal dehyde gas
m xture, after injection and dilution, enters the mXxing
tube. This is provided to ensure that a honbgeneous,
uni form concentration ni xture reaches the sanpling ports
downstream The mixing tube is actually a gl ass condenser

with the cool ant jacket enmpty and the gas flow ng through the
center section. The constrictions and expansions in this

section create turbul ence which ensures conplete mxing (62).

Upon | eaving the mixing tube, the gas enters the sanpling
mani fold, with the exr.ess routed through the exhaust line to
a li~bcratory hood, ?<¢? .sh.;wx in Figure VI-1. Notice that the
two sanpling ports each receive flow via identical routing;

this is done to ensure that pressure drops are the same to
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each sanpling port. This prevents "starvation" of a sanpling
port, the creation of |low pressure at its inlet so that the
flowrate is |l ess than expected. If only one sanple nust be
collected froma given generation "run" (as described in
Section 5 of Part VLB, below), no physical nodification is
made to the sanpling mani fold; rather, one port is clanped
off, sinply diverting a larger portion of the gas flowto the
exhaust line. The flow into the szunpling port(s) is caused
and controlled by the vacuum sanpling ptm p(s) on the sanpling
train(s), discussed in the next Section. A static pressure

tap connected to a nmanoneter is provided at the sf£unpling

mani f ol d.

Sanpl i ng Trains

The schemati c di agram of the generation and sanpling system
Figure VI-1, shows the | ocation and configuration of the
sanpling trains. Specifications for the equi pnent and
materials are provided in Section 4 of this Subpart,

"Equi prent and Materials Specifications."

The seunpling equipnent is essentially identical to that used

in industrial hygiene field neasurenents. Each sanpling

train consists of two midr~z*- i moi ngers, each containing 20 nL

of aqueous 1% sodiaai ti~vlifitt, coinmerted in series by
-Q -?

I/4-in.-1.D. Teflon tubing and attached to an SKC

Uni versal personal sanpling pump via Tygon tubing of the
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sane |.D. The tubing to the punp contains a static pressure
tap connected to a manoneter to estinmate the pressure drop
across the sfinpling train. The inlet to the first inpinger
in series is coinected to the sanpling port of the generating

system a 1/4-in.-1.D. Teflon tube. The i npingers used

wer e each determnm ned to have a nozzl e-to-base di st ance of

The punps used, SKC Uni versal personal sanpling punps, are
desi gned to operate in a constant-vol une node. They
automatically conpensate for changes in pressure drop at the
inlet during use, to maintain the volunetric flow rate
determi ned froma cali bration. The punps, although
battery-powered, are connected to an SKC recharger unit
duri ng use to prevent any change in flow rate due to

variations in battery voltage.

Anal ytical System

The sanpl es are anal yzed with the spectrophotonetric
procedure described in Nl OSH Met hod 3500 (45) (fornmerly N OSH
PficCAM 125 [93]), a copy of which is provided in Appendi x E,
usi ng the equi pnent and naterials naned therein. These itens

i ncl ude reagents, such as chronmotropio acid ard sulfuric

acid, associated |aboratory glassware (viliich is ijcniiially
— L = )
Pyrex or Kinex , and is dass A when necessary for

vol unetric measurenents), and a spectrophotoneter.
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The spectrophotoneter is a BecknanFQNbdel 25 doubl e- beam
instr\inent, with provision for the use of a vacuTom operated
"sipper cell." The sipper cell is a special cuvette with
smal |l tubi ng ends and i nternal passages which all ow the
solution ready for analysis in the sanple besun to be drawn by
vacuuminto the cuvette, rather than requiring the operator
to open the sampl e-conpart nent door and nmanual ly renove,

fill, and replace the cuvette. The doubl e- beam f eat ure
all ows a cuvette containing a col or-devel oped reagent bl ank
to be placed and left in the reference beam duri ng anal ysi s;

this all ows the absorbance of the reagent bl ank and the
sanmpl e to be conpared, giving an absorbance readi ng which
represents the additional absorbente (over the reference
[zero] level) provided by the seinple in the sanple beam The
use of the instrunent is described nore fully in the
subsequent Subpart B, "Procedures."” The specifications for

t he spectrophotoneter as well as for the other equi pnent and
naterials used in the analytical systemare provided in the
next Section of this Subpart, "Equipnent and Materials

Speci fications."

4. Equi pment and Materials Specifications

The specification" for the equipnent used in the generation
saiapiiiifej and ar'.lytical systems, and discussed in Sections
1, 2, and 3, are provided in Table VI-1. Al so provided in

Table VI-1 are specifications for other equipnent used in the
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Item

Spectroijlntoneter

Rot ane; er

Mass fl owret er

Syringe

Aut omatic pipette

Sept um

M xi ng tube

Manuf act ur er,
Mbdel Nane and Nunber

Beckman | nstruments,
Inc., Model 25/1331

U traviolet/Visible

Di gital Reading and/or
Recor di ng Spectrophot o-

met er

Uni on Car bi de Corp.,
Li nde Division. Part

Ho. 201-4334 tube.

Tel edyne

Hasti ngs- Raydl st
Hastings Mass Fl owreter
Model LF-100

Ham | ton 1701RN Gas-
tight Syringe

Eppendorf 4710

Supei co, Inc.,
Mcrosep' * F-174

(unknown nanufacturer),
condenser

Table VI-]. Equi pnent

Si ze or
Measur enent

Range

0. 000 to 2.000
Absor bance Units
(AU); 190 to

700 nm (wave-

| engt h)

0 to 150
scal e units

0O to 100 std.
m/mn (air)
nom nal flow rate

10 uL

100 to 1000 uL

9.5-m n di aneter

Speci fications

Seri al
Nurber

1001365

3085

013723F

Speci fications

Doubl e- beam optical principal
Wavel ength accuracy + 0.5 nm
Phot onetric accuracy 0.5% of reading,
or 0.001 AU, whichever is |arger
Stability better than 0.004 AU hr
Range: effective lower limt is 0.010 AU;
optimumis 0.3 to 1.2 AU

Approximately 3 L/mn (air) at 80 scale units

The transducer is matched to the

receiver unit. It is Hastings Mass

Fl ow Transducer Mdel F-100 Seri al
3988.

Gas tight, Teflon*-tipped plunger,

renovabl e needl e.

Adj ustabl e range (in 1-uL increnents) of
vol umes. Pol ypropyl ene di sposabl e tips.
Accuracy = 1.0 to 0.5X
Precision + 0.7% (<150 ul)

+ 0.5 to 0.2% (>150 ulL)

Tef | on”-faced

Di nensi ons:

Length: 22-1/4 in

I.D.s = inlet/outlet: 3/8 in
constrictions: a/1/8 in
expansions: rj 1-1/8 in

Nunber of:

constrictions: 9
expansi ons: 8
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Table VI-1. Equi pment Specifications

Si ze or Seri al
Nunber

Item Manuf act ur er, Speci fications

Model Nanme and Nunber Measur enment

Range

Heat ed inj ection Hami | ton GC port Di mensi ons of al umi num bl ock:
bl ock 8 cmX 2.5 cmX 2.5 cm

Fittings: stainless steel
Liner and internal guide: glass

Constant fl ow control
Pressure range;

1 to 3500 nL/nmin
airflow rate

Punps SKC, Inc.,

Uni versal Seunpl er
Model Aircheck |

Flowrate, nL/mn 500 1000 2000 3000 3500
Maxi mum pressure 25 30 20 15 8

drop, in HO
Syringe pvunp Sage | nstrunents, Bl ock noves approxinately 2.6 cnlhr**
Model 355
Vari abl e-vol t ege St aco Ener gy 0 to 140 V 8004 I nput 120 V AC, 50 or 60 Hz
aut ot r ansf or mer Products Co., Qutput 0 to 140 V AC,
Type 3 PN 1010 10 anpere nei Xxi mum
| mpi ngers Ace dass, Inc., 25-nL vi al --- 24/ 40 ground gl ass joint,
M dget | npi ngers 5- mm noEzl e-t o- base di st ance
Anal ytical balance Metier Instruments Corp., O to 159.99999g 606125 Mechani cal - digital display

Ther nocoupl e

Model #51

Blue M Electric Co.,

Cat. No. APL-500

-18 to 340'C

Scal e ranges: 0 to 340'C,
and O to 630'F

* Based on experience gained during this study.

** This is the rate that the syringe punp provided during the study.
adj ust ment was possi bl e.

The speed control was mal functioning, and no
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procedures di scussed in Subpart B, "Procedures," but not

specifically nmentioned in Sections 1, 2, or 3. The

specifications for the materials, such as chem cal s,

di s

cussed in the aforenmenti oned Secti ons and/ or Subpart are

given in Table VI-2

Provi ded in Appendi x D are the specifications for equipnent

and naterials used exclusively in calibration procedures

(excl udi ng the devel opnent of the standard anal ytical curve

for

equ

t he spectrophotoneter) and/or other neasurenents of

i prent paraneters. (These procedures thensel ves are al so

descri bed in Appendi x D).

Pr ocedur es

1.

Cal i brati ons and O her Measurenents of Equi pnrent Parei neters

a.

Al'l Rel evant Equi pnent Except Spectrophotoneter

Descri ptions are avail able in Appendi x D of the nethods
used to calibrate instriinents such as the rotaneter, mass
flowmreter, sanpling pinmps, and others; also avail able
there are descriptions of the procedures used to
det er abne ot her equi pnent paraneters such ap the

noz- "l e Lo-base di stances of the inpingers.
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Table VI-2. Materials Specifications

Iltem

Chronotropi c acid (CTA)
reagent, aqueous 0.1%

Absor bi ng sol uti on, aqueous
1% sodi um bi sulfite

(NaHSs03)

Formal i n

For mal dehyde St andard
Sol uti on "A"

For mal dehyde St andard
Sol ution "B"
I njection solutions

Distilled water

Filtered/distilled water

Carrier gas
(purified nitrogen [N2])

Speci ficati ons

Ingredients: Fisher Scientific Co. G613 Certified

A.C.S. Chronptropic Acid Sodium Salt, Lot 745265;
filtered/distilled water

I ngredients: Fisher Scientific Co. S-654 Certified

A.C.S. SodiumBisulfite, Lot 736103;
filtered/distilled water

Fisher Scientific Co. Certified A C. S. Formal dehyde
Sol ution, 37% w w. Lot 850007, actual assay 37.0%
"Baker Analyzed" A C.S. Reagent Grade Fornmal dehyde

Solution, 37%ww Lot 233611, actual assay 37.2%
Both contain 10 to 15% net hanol .

1.00 ng fornal dehyde/ nL aqueous sol ution;
Ingredients: Formalin, filtered/distilled water

10. 0 ug fornal dehyde/ nL sol ution;
I ngredi ents: Fornmal dehyde Standard Sol ution "A",
1% NaHS03 Absor bi ng Sol ution

For mal dehyde concentrations of 4.99 and 5.17, 20.0
and 20.7, 79.8, 170, and 319 ng/nL sol ution;
Ingredients: Formalin, filtered/distilled water.

Produced using an all-gl ass-and-Teflon™ distiller
by boiling tap water, condensing steamw th a
t ap- wat er - cool ed condenser, collecting condensate.

ot ai ned from NIOSH Di vi si on of Physical Sciences
and Engineering; they filter tap water with a
MITi-Q' water filtration system(by MIlipore

Corp.), then distill the filtrate as described
above for "distilled water".

99. 995% pure nitrogen
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b. Spectrophot onet er

Two i nportant operations were required to prepare the
Becknman Model 25 Spectrophotoneter for use in the
anal ysis of the sanples generated in this study. The
maj or one of these was, of course, the preparation of a
stiindard anal ytical curve, or "calibration curve". This
operation will be discussed in subsequent paragraphs.
Prior to this work, however, it was inportant to test the
performance of the instrument in three crucial areas
agai nst obj ective standards (105). These areas are
wavel engt h accuracy, absorbance accuracy, and photonetric
linearity. The nethods used to test these areas of
perfornmance are specified by the manufacturer, Beckman
Instriments, Incorporated (105), and are discussed in
Appendi x D. It was recommended that the perfornmance
tests be repeated quarterly (27). In this way, continued

accuracy of the instrunent readings is assured.

The preparation of the standard anal ytical, or

"calibration," curve was generally perforned in the

manner descri bed in Nl GSH Met hod 3500 (45) (see
Appendi x E for a copy of this nethod). Briefly, this
i nvol ves the preparation of "spike" solutions of known
f ormal dehyde concentrations in 4 :!l allquots by diluting
f ormal dehyde standard solution "B," also of known

concentration, with absorbing solution. For mal dehyde
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standard solution "B" is sinply a known dilution (al so
wi t h absorbing solution) of standard solution "A", which
isin turn a known dilution of formalin, the comercially
avai | abl e aqueous 37% f or mal dehyde sol uti on (see
Table VI-2 for the specificati ons of the
f or mal dehyde- cont ai ning solutions as well as the sodi\im
bi sul fite absorbi ng solution). Each "spi ke" sol ution
cont ai ns one of the foll owi ng quantiti es of
f or mal dehyde: 0.00, 1.00, 3.00, 5.00, 7.00, 10.0, 12.0,

15.0, and 20.0 ug. The "spi ke" solutions are reacted
with chronotropic acid, followed by sulfuric acid, to
devel op the characteristic color, and the col or-devel oped
sol utions are analyzed in the spectrophotoneter (with the
baseline, or "zero", determ ned by the absorbance of the
non- f or nal dehyde- cont ai ni ng bl ank [0.00 ug]). The
procedures used to develop the color and to anal yze the
spi kes are simlar to those used to anal yze "unknown"
sanpl es, and are described in Section 2.d, "General

Operation of the (Analysis) System" later in this
Subpart (a detailed description is available in the N OSH
Met hod, in Appendi x E). The absorbance val ues read from
the instrument are plotted against the formal dehyde nmss

values to forma standard anal ytical curve

Fi ve standard anal ytical curves were initially gentratci

with the intention of conbining the data to obtain a

conmposite curve. The purpose of this was to obtain a
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| arge anopunt of data to mask the effect of variations in
diluti ons and sanpl e preparations. The conposite curve
t hen woul d have greater accuracy than single curves
prepared at the tinme of analysis of each group of

"unknown" sanpl es.

Several steps were initially taken, and are taken during
system operation, to ensure that the conposite
calibration curve remains valid over the tinme period
during which it was generated and used. In order to
determ ne that any variation in the calibration curve
data was not due to variations in the instrtm ent
performance, a brief performnce check was conducted
prior to use of the instrunent on each day that
calibration data was generated. This daily performance,
or "calibration," check is sinmly a portion of the
instriraient performance tests discussed earlier in this
Subsecti on (and described in Appendi x D). Specifically,
the test for absorbance accuracy is perforned, but only
at a wavel ength of 590 nm This wavel ength was chosen
because, of the wavel engths specified for the conplete
performance test, it is the closest to 580 nm the
wavel ength used in the actual analysis. This daily
calibration check is ."so repeated, again daily, prior to
the use oi tLe instri'wiiC to analyze "unknown" i npi nger
sanples fromthe generating system duri ng subsequent

phases of the study. This ensures that no inaccuracy is
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introduced to the results of the analyses by variations
in instriment perfornencte. Periodically when the
instrument is being used to anal yze sanpl es, additiona
"spi kes" are prepared and conpared to the conposite
calibration curve. This provides an additional check on
the validity of the curve, as other sources of variation
besi des chenges in instrunent performance can be
detected, such as problens with the chem cals. These
| ast two procedures act as an effective "recalibration”

of the standard anal ytical curve.

The raw calibration-curve data are presented in tabular,
as well as graphical, formin Appendix A These data
were handl ed in such a nanner as to produce the nost
accurate conposite calibration curve possible. First,
all data fromthe first calibration curve (Run 1) was
del eted, leaving Runs 2 through 5. The reasons for this
del etion include visible variation (28) of the plotted
data froma reasonably snmooth curve (which is especially
noteworthy given the fact that the data were generated on
the first day of analytical work and the techni que used
was not refined) end slight problens with "zero drift" in
the instrument. Second, data were generated at 12.0 ug
formal dehyde in Runp 4 and 5, although this .1 rvel had not
been included in the flju~rt three runs, while 20.0 ug, a

| evel generated in the first three runs, was not used in

the | ast two. The reason this was done is that the
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results of the earlier runs were plotted, and the
response appeared to deviate fromlinearity rather
substantially at the higher concentrations. As noted
previously in the docunentation of the analytical nethod
(Part 11.F.3), previous investigators have noted an
essentially linear response for this analysis (4, 84).
Therefore, it was deternined to be \mad se to use the
portion of the curve with the nore obvious (although not
extrenme) deviation fromlinearity (28), and desirable to
nore clearly define the internedi ate area of the curve
where it appeared that the deviation fromlinearity (if
true linearity anywhere exi sted) began. Finally, after
all data were collected and the results plotted, it was
decided that only the portion of the data between 0.00 ug
and 12.0 ug would be utilized for the conposite
calibration curve. Although the entire curve had a
clear, but very slight, curvature, the portion above
12. 0 ug had nore curvature and nuch greater variability
within the data. Limting the usable portion of the
curve does not create problens with its use in analyzing
sanpl es because sanples can be diluted by a known factor
to decrease the absorbance val ue of the col or-devel oped
solution to a lower value that lies within the usable
portion. The data set used to construct the cor”nosite
calibration curve is also presented in cabular, as "jell

as graphical, formin Appendix A
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The data used to construct the conposite calibration
curve were anal yzed statistically for three reasons: to
test for variation fromrun to run (and investigate other
sources of variation), to investigate selected nobdels to
determine the line or curve of best fit, and to docunent
the predictive value of the chosen curve. The anal yses
were perfornmed with the aid of the General Linear Models
Procedure of the Statistical Analysis System (SAS), a
mai nframe conputer package. A description of the tests
perfornmed, the results of these tests, and the
interpretations of the results is included in Appendix A
but a brief description of these itenms is presented in

t he foll owi ng paragraphs, along with the concl usions

reached.

The data were subjected to an. anal ysis of variance
(ANOVA) to determine if "run" was a significant source of
variation. No significant variation was found fromrtin
torun (p = 0.0829), and this fact allowed the fina

deci sion to conbine the data fromall four runs to create
t he conposite calibration curve. Although the
differences fromrun to run were not statistically
significant, the rather low "p" value creates suspicion
that, in fact, very slight run-to-riin variations exist,

and tfcat all the variation is not due to sanple-to-sanple
differences in the "spikes". If this suspicion were

true, its inplications support the use of a conposite
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calibration curve, because slight run-to-run variation
could be partially caused by slight inprecision when
preparing formal dehyde standard solution "B," and the
conposite curve is nore representative of the true
situation than any single curve affected by this
i npreci sion. A subjective exanination of the data
supports this contention, since even two runs chenically
anal yzed during the sane session, but with the use of
different "B" st£f£indard sol utions being the only known

di fference, appeared to have slightly differing sl opes.

The conbi ned data were subjected to regressi on anal yses,
both first and second order (linear and quadratic forns,
respectively). The quadratic form was consi dered because
it was reconnended that, if the data supported the use of
a slightly curved nodel, it was not necessary to inpose a

i near nodel upon it (28).

The correl ation coefficients for the both the |inear and
quadratic formwere extrenely good (0.996 and 0.999), as
were subjective evaluations of fit (for the quadratic
form this can be seen using Figure VI-3 discussed
bel ow). However, as di scussed in Appendi x A, the
intercept of the i"adratic nodpl did not vary
significantly fi-oa. zr-" Owi'il- that of the |inear node

did), and significant curvature was indicated by the fact

that the quadratic-termcoefficient (in the quadratic
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Figure VI-3. 1
Quadratic Equation (wth"mean-val ues' estimated curve).
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nodel ) did vary significantly fromzero. These two
findings provide substantial justification (and the
| atter one provides necessary justification) for
sel ecting the quadratic model to represent the conposite

calibration curve. Therefore, this nodel was chosen

The equation representing the chosen curve was provided
by the conputer program and is given, in the form
provi ded, in Appendix A The curve is plotted in
Figure VI-3, along with an estimted curve based on the
mean val ues fromRuns 2 through 5 (these values are from
Table A-2 in Appendix 2) for conparison. \Wen rearranged
to allowits use to determne, from absorbance val ues,

the val ues of formal dehyde mass in sanples, the equation
becones: x = 33.6 - V1120 - 952y , where x = mass of
f ormal dehyde in the col or-devel oped solution (ug) and
y = absorbance (AU). The conposite calibration curve is
valid between 0.000 and 0.693 AU, corresponding to
0.00 through 12.0 ug fornmal dehyde.

The use of the quadratic-estinmated curve at very |ow
| evel s presents a problem because its cal cul at ed
y-intercept is not exactly zero (see exploded view [b] of
Figure vl 3). Theref'”r?, whT sainj"Tes are anal yzed, the
companion line in thai; figure, a linear segnent

connecting the points (0.00, 0.000) and (1.00, 0.066),

and representing the nean values for Riins 2 through 5, is
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used whenever the absorbance reading is | ess than
0. 033 AU, the approxi nate point where these curves
cross. Between 0.000 and 0.033 AU, the "mesm of the
Runs" curve has nore physical rel evance because it
crosses the origin as the "true" curve must (see
di scussion in Appendi x A). Although this adjustnent
allows the curve to be used essentially down to 0.000 AU

val ues bel ow 0. 010 AU can be greatly affected by
el ectroni c "noi se" and/or zero drift in the
spectrophotoneter. These respective itens can sonetines
affect the reading by 0.001, and up to 0.002 or 0.003 AU
(10% and 20 to 30% respectively, at 0.010 AU). In
fact, any reading bel ow about 0.050 AU coul d be inprecise

by up to 8% due to these effects.

2. General Operation of the CGeneration, Sanpling, and Analysis

Syst ens

a. Generati on

Prior to the startup of the generating systemfor a "run"
(or a group of runs), a formal dehyde-containing injection
solution is prepared if a fresh supply having the desired
formal dehyde concentr?tior is not on xiaud. The injection
solution is made by diluting luimalin (~f kiio&n
concentration) with high-purity distilled water, and the

resulting solution has the proper f or mal dehyde
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concentration to provide the desired vapor-phase
concentrati on when injected at a constant rate of

0.072 uL/mn into the carrier gas flowing at a constant

rate of 3.02 L/ mn.

Startup begins by turning on the mass fl owreter and
allowing it several minutes to warmup. The valve on the
gas tank is opened to the pressure regulator, and the
out put pressure is adjusted (with the output valve
closed) to a | ow pressure, slightly above atnospheric,
approximately 5 psig. This pressure is nore than
sufficient to nove the gas through the entire system
The exhaust val ves of the system (including the main,
sanpl e port, and bypass) are opened, the regul ator out put
val ve i s opened, and then flow t hrough the heated

i njection block is begun by slowy opening the val ve at

the mass fl owreter.

The heating elenent is then energized by turning on the
el ectrical power to the Variac controller. The needle
(control) valve at the base of, and upstreamfrom the
rotaneter is then slowy opened until a volunetric fl ow
rate of 2.97 L/mn is indicated, by the rotaneter,
t hrough the portion of the system which bypasses the
Inl*~ctioii block. A volumetric flowrate of 52.7 cc/thin
(0.0527 L/mn) through the injection block, as measured

by the nass flowreter, 1is then established. The
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indicated total flow through the systemis then about
3.02 L/mn. The tenperature of the heated injection
bl ock is nonitored using the thernocouple, and is

manual ly regulated to 173 C (+3 C naximim using the

Variac to control the current.

VWhile the injection block tenmperature is rising toward
its set point, the 10-uL syringe is filled with injection
solution. (More than 10-iiL of solution is drawn into the
syringe, and the extra volime of solution in the
ungraduat ed portion of the syringe barrel is used during
the system conditi oni ng phase [below] so that plenty of
solution will remain in the graduated porti on when the
sampling portion of the run begins). Care is taken to
assure that no air bubbles are present. The syringe is
clanped to the holder on the syringe punp. Wen the
bl ock tenperature reaches 173 C, the syringe and punp
are noved forward so that the syringe needle pierces the
septumon the injection block, and the needle's tip is
close to the center of the heating el enment, and the
t hernocoupl e end, in the block. The novabl e bl ock of the
syringe pimp is then placed so that it is in contact with
the syringe plunger, the ptmp is switched on, and the
movabl e bl oc!' begins nov'ns at an approxi rate rate of
2.6 cmhi; fAi cue Ham 11 *«-~75 7yilnge used, this provides a
liquid discharge rate of approximately 4.3 uL/hr

(0.072 uL/mn).
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The generation systemis now operating. It is allowed to
proceed this way prior to the start of sanpling for a
conditioning period of at least 30 min. During this tine
the dilute fornal dehyde-in-air mxture fills the system
and has time to approach equilibriiom(135), in terns of

wal | effects and any ot her considerations, so that a
st eady-state concentration is being provided to the
sanpling ports when sanpling begins. Al relevant parts
of the system are in contact with the
f or mal dehyde-contai ning air, except for the snmall portion
of the seunpling ports downstream of the shut-off clanps,

and the inpinger stens thensel ves.

When sanpling is to begin, the inpingers are connected to
the sanpling ports and the sanpling port exhaust cl anps
are closed. Then, in rapid sequence, the sanpling port
cl anps are opened, the punps are connected to the
i npi nger out put tubes, the syringe volume is read and
recorded, and the tine is recorded. The injection block
tenperature and the flow rates through the nmass fl owneter
and roteuneter are continually nonitored and adjusted when
necessary during the sanpling period. Also, static
pressures at the five pressure taps are internmittently
checked and recordec” so that any changes in punp
performance or other problens eaii Lc ciecected,, as well as
to allow for any pressure corrections needed. The

maxi mum pressure el evati on above atnospheric is found at
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the rotanmeter; the highest reading at that point has been

0.8 in H'O

When the sanpling period is conplete, and sanpling is to
be ended, in rapid sequence the syringe punp is shut off,

the punps are disconnected fromthe inpingers, and the
time is recorded. Then, the syringe is very carefully
renmoved fromthe syringe pimp's hold-down cleunp and its
volune is read and recorded. The sanpling port clanps
are then cl osed, and the clanps on the sanpling port

exhausts are opened. |f another sanpling run at the sane
concentration is to be conducted, the syringe is quickly
refilled (to a volune exceeding 10 uL, as before) and
injection is restarted so that the equilibrium
concentration is quickly reestablished. |If another

sanpling run at a higher concentration is to be conducted
and the higher-concentration injection solution is ready,

i medi ate restart nay al so be enployed (but in this case
the time nmust be noted, as a conditioning period at the
hi gher concentration nmust be allowed) after the syringe
has been rinsed with distilled water and t he new
solution. If the systemis to be shut off or run at a
| ower concentration, it nust be purged with clean gas for
"t least as long as the original conditioning period,

ijuring the purge, all exhaust clanps are |eft open, the
heat is left on, and the flow rates are kept the sane as

during generation operation
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Wien the systemis to be shut down foll owi ng a purge
peri od, the heating elenent in the injection block is
first turned off. The gas fl ow t hrough the bl ock
continues until the tenperature is substantially
reduced. Then, the gas flow through the entire systemis
st opped by turning off the output valve of the pressure
regul ator. As soon as the residual pressure in the
system has di ssi pated (the pressure differential at the
rotaneter returns to zero), the exhaust clanps are al

cl osed; then the flow control valves at the fl owneters

are closed, and the gas cylinder valve is shut.

After conpl ete shutdown, the systemis inspected
visually, both externally and, where gl ass conmponents are
used, internally. Particular attention is given to any
evi dence of solid parafornal dehyde fornati on (due to the
probl ens encountered in the earlier runs before heating
of the injection area was used [see Section 4]).
Frequently after a run (but not necessarily after every
run), the injection block is renpbved fromthe system
di sassenbl ed, i nspected for any evidence of solid
par af or nal dehyde formati on (especially in the gl ass

liner), clesned, and reinstalled

He caltuii ted £?-.cj. at ion-systemconcentration is
actually the average concentration for the sanpling

period, based on the ideal gas |law (assvming standard
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tenperature and pressure, which are fixed throughout this
study at 25°C [298.2 K] and 760 mm Hg [406.7 in HJ,
respectively), the total nass of the formal dehyde
injected, £ind the total volune of air (at standard
tenperature and pressure) into which it went. The tota
mass of the formal dehyde injected is determ ned fromthe
concentration of the injection solution, which was
previ ously cal cul ated (above), and the vol une injected
(fromthe volumes in the syringe at the beginning and end
of sanpling). The total volune of air (corrected to
standard tenperature and pressure) is found by
multiplying the sanpling tine by the total air flowrate
(corrected to standard tenperature and pressure). This
is obtained by correcting to standard tenperature and
pressure the flow rate through the rotanmeter, and adding
that figure to the indicated flow rate through the nass
flowreter (no correction needed). The actual gas
tenperature used in the correction is the anbi ent
t enperature, because no significant effects on gas
tenperature were found due to expansion fromthe gas tank
or fromthe heating el enent (presunably due to the nass
of the apparatus through which the gas flows acting as a
heat sink, and, for the latter only, the insignificant
mass of the hea”-ed air ,Clnpared to that o” the unheated
air). The actual gai prr”~stsre aacd in the ccrrection is
based on the neasured pressure differential above

at nospheric at t he r ot anet er, and t he
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barometrical | y- neasured at nospheric "corrected station
pressure.” Al of the above cal cul ati ons are shown in
Appendi x F. Although only an average concentration is
determned it is assuned that the concentrati on does not
vary greatly during the sanpling period because
experience with the syringe punp Indicates that it has a
reasonably constant rate of novenent (and changes in
not or speed can be heard), and a constant air flow rate
can be assured by careful nonitoring of the flowneters

and adjustnent of the flow rates when needed.

Sanpl i ng

Prior to the startup of the sanpling systemfor a "run,"
a sodiim bisulfite absorbing solution is prepared if no
fresh supply is on hand. The absorbing sol ution, which
is used in the inmpingers as the formal dehyde-col |l ecting
medi um is prepared by dissolving a known mass of sodi um
bisulfite, a crystalline solid, with high-purity
distilled water to a known total volune. These
quantities are calculated to provide a 1% sol ution by
wei ght. The specifications for this material are
provided in Table VI-2. Approximately 20 nL of this
solution are placed in each clean inpiixier; the inpingers
are then capped and placed in their positions* adjactiic io

the sanpling ports of the generation system
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Al so prior to sanpling the sanpling punps are cali brated
to the desired voltmetric air-flow rate (see Appendix D
for a description of this procedure). The punps are |eft
running after calibration so that they are "warned up”
when sanpling begins, and are noved to their positions
near the sanpling ports of the generation system There
they are connected to their battery chargers so that
cheoi ging battery voltage, which could cause the flowate

to vary, does not occur during sanpling.

Each air sanple utilizes two i npingers connected in
series by a piece of Teflon tubing. Just before
sampl i ng comrences, the inpingers are uncapped, and for
each sanpl e, the above connection is made, the tube to
the sanple punmp is attached to the downstream i npi nger
outlet (but not yet to the punp; a quick-connect fitting
is still disconnected at the punp), and the upstream
i mpi nger inlet is connected to the sanpling port. Then,

as noted in Subsection a, above, when sjunpling is to
begin, the sanpling port clanp is opened, the punp is
connected to the i npinger outlet tube at the
qui ck-connect fitting, and the tine is recorded. The
static pressure at each punp-inlet pressure tap is
intermttently -hacked and recorded during the sanpling
period so tbhrt ~uy changes in pinmp performance or other
probl ens can be detected; these readings are not used for

pressure corrections for the punp flow rates, however
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Due to the constant-fl ow design of the ptm ps used, which
provi des for flow conpensation for snmall changes in punp
static pressure (such as the difference between the
calibration system and generati on system back pressures),
no nmat henmati cal correction for pressure changes are
needed for the punp flowate. The maxi mum pressure

depr essi on bel ow at nbspheric at the punps has been

8.2 in HO

After the sanpling period is conplete, and sanpling is to
be ended, the punps are di sconnected fromthe inpingers
at the quick-connect fittings, and the tine is recorded.

Then, the inpingers are disconnected fromthe sampling
hoses and sanpling ports, the sanpling port clanps are
cl osed, and the inpingers are capped. After the
generation systemis properly shut down as described in
Subsection a, above, the final volime of the solution in
each inpinger is neasured in a 25-nL graduated cylinder.

Each solution is then transferred to a | abell ed,

gl ass-stoppered 25-nL Ehrl enneyer flask, or left in the
graduated cylinder in which it was neasured (each of
these is al so gl ass-stoppered). The ground-gl ass joints
are wapped with Parafilm, and the vessels are pl aced

inthe refrigerator i~.*--~"" they are to be anal yzed.

The sanpl ed concentration for any sanple is actually the

aver age sanpl ed concentration for the sanpling period,
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based on the ideal gas |aw (assumi ng standard tenperature
and pressure), the voliane of air sanpled (at standard
tenperature and pressure), and the total mass of the
f ormal dehyde coll ected; the latter is the conbined tota

of the individual nmasses obtained fromthe separate
anal yses of the primary (upstrean) and back-up
(downstreanm) inplnger solutions for the sanple. The
volune of air seunpled (corrected to standard tenperature
and pressure) is found by nultiplying the sanpling tine
by the sampling air flowrate (the calibration of which

as noted above, was corrected to standard tenperature and
pressure, euid autonatically conpensates for changi ng
conditions). Al of the above cal cul ations are shown in
Appendi x F. Although only an average sanpl ed
concentration is determined it is assuned that the
sanpl ed concentrati on does not vary greatly during the
sanpling period fromthe actual concentrati on because
experience with the sanpling pvm ps, and car ef ul

nonitoring of the pinmp static pressure readi ngs,

i ndi cates that the prinps have a very constant rate of air

flow.

Bl anks

A "blank," a sample through which no gcis is ura®~m, is
prepared for each run of the generation system This is

done by pouring approximtely 25 nL of absorbing sol ution
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into a 25-nL gl ass-stoppered Ehrl enneyer flask at the
sane tine as the inpingers are filled for sanmpling
(described in the previous subsection). The stopper is
pl aced on the flask, and the flask is kept near the
i npi ngers when they are placed in their |ocations for
sanpling. After sanpling is conpleted, and the inpinger
solution volim es have been neasured, and the sol utions
transferred to fl asks, the ground-glass joint on the
blank's flask is, |like those for the sanples, wapped
with Parafil mand the flask is placed in the
refrigerator along with the sanples. They are al

anal yzed during one session. The analytical result of a
blank will be zero (within the precision of the analysis)
unl ess some contani nati on occurs or sone ot her problem
mani fests itself. The purpose of the blank is to detect
such problens. If a positive blank value is detected,

the analytical results may be adjusted by this val ue; see

Subsection d, "Analysis," for further discussion of this.

d. Anal ysis

Anal ysis of coll ected sanpl es does not need to be
perforned i medi ately. Although refrigerated sanples are
stable fC »t |east 8 days (as discussed in Part II.F.."")"
in thir Si.udy analysis is perforned within 2 days of
collection. Prior to analysis, any refrigerated sanpl es

are renoved fromthe refrigerator and allowed to return
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to roomtenperature. During this tine, power to the
spectrophotonmeter is turned on and the unit is allowed to
war m up. Then, the spectrophotoneter calibration is
verified by conducting the absorbance-accuracy portion of
t he spectrophotoneter instrtunent-perfornence tests
described in Appendix D (at 590 nmonly), as discussed in
Section | . b, to insure the continued validity of the

standard anal ytical curve.

Each sanple is prepared for sinalysis essentially as in
Nl OSH Met hod 3500 (45) (see Appendix E). A 4-nL aliquot
of the sanpling solution is pipetted into a clean, dry
15-nL gl ass-stoppered teat tube, and 0.1 nL of
1% chronotropic acid is added. Then 6 nL of concentrated
H SO is slowy added, with caution exercised due to
t he exotherm c reaction. However, rather than providing
addi tional heat to raise the tenperature to 95 C, the
heat fromthe exotherm c reaction is enployed to bring
the reaction to conpletion, as traditionally recomended
(as in NI CSH P& CAM 125 [93]). The stoppers are placed on
the test tubes during this tine to protect the sol utions
and guard agai nst spattering, but they are not firmy
seated, so that pressure can escape. The reaction forns
the purple cl”~rcr™*gen (discuPk.e'i in Part I1.F.3) to be
measurea. Aft-~ U e reaftior., tine is allowed for

cool i ng before anal ysis.


NEATPAGEINFO:id=256FDA29-ED08-4F7E-91F2-E264E334CB8D


130

When the anal ytical result using a 4-nL aliquot of
sanmpling solution (for the first step of the sanple
preparation) is expected to be outside of the absorbance
range of the standard anal ytical curve of Section |.b, a
diluted solution may be prepared by using a 2- or 1-nL
aliquot (instead of a 4-nL aliquot) and making up the
remai ning volunme to 4 nL with fresh NaHSO absor bi ng
solution; the standard vol umes (noted above) of the other
reagents are then used. Likewise, if the analytical
result of a col or-devel oped solution is found to be
out si de of the proper absorbance reinge, this dilution
procedure may be used with a second, smaller aliquot of
sanpling solution to prepare a new col or-devel oped

sol ution for analysis.

A reagent blank is also prepared for use in zeroing the
spectrophot oneter, using fresh NaHSO absor bi ng
solution (and | arger volunes of this and the other

reagents, in a 25-nL gl ass-stoppered flask).

All transfers are nade by pipette; usually, the
Eppendorf 4710 Automatic Pipette is used for vol umes of
0.1to 1.0 nL, while various glass volunetric (and, when

necessary, graduated) pipettes are us™ri for the |arger

vol unes.
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For anal ysis, the Becknem spectrophotoneter is adjusted
to 580 nm then, its reference cell cuvette and
autonmati c-feed sanple cell cuvette are both filled with
the reacted solution of reagent blank, and the instrument
baseline, or "zero," is set. Solution is sinply poured
into the reference cuvette, but is drawn by vacuuminto
the sanple cuvette with the autonmatic-feed system Air
bubbl es can formin the cuvettes, and will affect the
zero setting. Both cuvettes are allowed to sit for a
time, to allow the bubbles to form and be renoved, before
the zero is set. The bubbles may be renoved fromthe
li ght beam area by gently tapping the cuvette along its
non-transparent side. Wth the automatic feeder, the
| anp need not be turned off after setting the zero before
the first chromagen-contai ni ng sanple solution is
i ntroduced, or between seinples. Rather, distilled water
is used to flush out the blank or previous sanple while
t he absorbance reading is nonitored, and the sanpl e
conpartnent need not be opened. The chronmgen-contai ni ng

sanpl e solution to be neasured is then introduced and

sufficient volune is used to flush out the distilled

wat er. The absorbance at 580 nmis read and recorded.

Fr'.q ient checks for zero drift are nmade by re-introducing
?i'M* Jorial reacted solution of reagent blank and checkirig
the zero. At this point, the opportunity is taken to

shut off the lanp and inspect the cuvettes for air
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bubbl es (while reagent blank solution is in the sanple
cell, since inspecting the cuvette requires renoving it
and subsequent|y resetting the zero), which wll also
affect the absorbance of seinple solutions, even if no
zero drift is apparent. The "field" blanks that were
originally prepared at the time of sanpling are prepared

£ind analyzed in simlar fashion to the inpinger sanples.

The absorbance of a chromagen-containing sanple sol ution
Is compared with the standard anal ytical curve in
Section |.b, and the nass of fornal dehyde per 4-nL
aliquot is obtained. This mass is adjusted by the
appropriate "field" blank value if necessary, and the
result is multiplied by the ratio of the total sanple
vol ume (measured in Subsection b. Sanpling) and the
aliquot volume to give the mass of formal dehyde collected
in the inpinger that the sanple analysis represents. The
sumof the masses in the primary (upstream) and secondary
(downstream) inpingers represents the total mass of

formal dehyde in the air sanple.
Specific Qperation of the Generation, Sanpling, and Analysis
Systems during t*e Evaluation of the Generation System

The study design discussed in Part V, and the design of this
phase of the study (the generation system evaluation)
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di scussed in Appendix B.l, permt certain statements to be
made about the operation of the systems during this phase.

Since the generating efficiency of the generation systemis
to be tested against the "known" efficiency of the collection
procedure as documented in Part 111.B.2, the sanpling systens
will be run only at the volumetric flowate of 1 L/mn and
for the maximumtine of 60 mn traditionally
recommended (93); these conditions are anong the
best-doctmented in Part II1.B.2. Since the Statistical
Design in Appendix B.l calls for two sanples for each
generation systemrun, and the seunples require 1 L/mn each

nore than 2 L/mn of formaldehyde-containing gas is required
to be generated if there is to be an excess to guard against
starvation. This requirenent is met in the procedures
di scussed in Section 2.a, above, as the system generates

about 3.02 L/mn. Since each riminvolves the collection of

two sanples, both sanpling ports in the generation apparatus

("A" and "B") are used on every generation run

As al so stated above, the syringe has only 10 uL of
measur abl e vol une; however, this is nore than sufficient for
60 mn (1 hr) at an the specified injection rate of
4.3 uL/hr. The statistical design of Appendix B.l also
specifies that four concentration |eTels be used, and the
general design discussed in Fart V.B.I calls for Ilie study to
cover the range of about 0.1 to 6.4 ppm (so the generation
system shoul d be effective over this range); therefore.
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concentrations of 0.1, 0.4, 1.6, and 6.4 ppmwere used in
this part of the study.

General |y, then, the operating procedure for the
gener ation-systemeval uation phase of the study is
essentially as described in Section 2, above, as supplenented

by the information in this section

4. Evaluation of the Generation System

The generation system performance was eval uated, using data
generated with the procedures of Section 3. The design of
this evaluation, the cal culations used, an analysis and
di scussion of the data, and conclusions and recomendations

regarding the generation systemare fully discussed in
Appendi x B.

It was concluded that the systemprecisely, and wth
reproduci bl e accuracy, generates formal dehyde concentrations
between 0.4 and 6.4 ppm The conbi ned generation and
col lection efficiency (which represents the generation
efficiency multiplied by the collection efficiency) inthis
range is 87.3% FromPart [I1.B.2, it is known that the
col lection efficiency under the sanmpling conditions used hs.s
beiii determned experinentally to be from92 to
100% (60, 87, 135), averaging 96% therefore, the generating
efficiency is calculated to be 91% a figure judged to be
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accept abl e consi dering the high precision. The conbi ned
generation and collection efficiency at 0.1 ppmis only 80%
this was found statistically to be significantly different
fromthe 87.3% at the higher concentrations, and the
magni tude of the difference was found to exceed the criteria
set in the design of this evaluation (in Section 1 of
Appendi x B). Therefore, it was concluded that the systemis

adequate for use in the range of 0.4 to 6.4 ppm but should

not be used to generate |evels below 0.4 ppm

Specific Operation of the Generation, Sanpling, and Analysis

Systens during the Experimental Sanpling

The study design discussed in Part V permts certain
statenents to be nade about the operation of the systens
during this phase of the study. Since the Statistical Design
in Section 2 of Part V.B calls for only one sample for each
generation systemrun, and the neixi numsanpling flowate to
be tested is 1 L/mn, only sonething over 1 L/mn of
f or mal dehyde-containing gas is required to be generated if
there is to be an excess to guard against starvation. This
requirement is, of course, net (as was noted in Section 3,
above) in the procedures discussed in Section 2.a, above, as
the r.ybL"ni generates at'*ut 3.02 L/mn. No difference was
notea iii the r?«ulf” of ulie generation-system evaluation for
sanples collected fromthe two different sanpling ports in

the generation apparatus ("A" and "B'), but for the
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experimental phase port "A" is used on every generation run

During this phase, the sanpling-port clanp on port "B" is
never opened, while the exhaust-port clanp is opened when the
systemis in the conditioning and purge phases, as before,
but is also I eft open during the sanpling phase. The use of
only one sanpling system and one sanpling port, as described
here, represents a nodification of the procedure described in

Section 2, above.

As al so stated above, in Section 2.a as well as Section 3,

the syringe has only 10 uL of neasurable voliine; since the
Study Design calls for sanpling tines at | east as |ong as
4 hr (and the Statistical Design calls for two | evels of
tine; 1 hr and 4 hr were chosen), this volune is insufficient
for the specified injection rate of 4.3 uL/hr. The procedure
of Section 2.a is therefore further nodified as follows, when
the 4-hr sanples are to be collected: The startup is
conducted as before, with the additional stipulation that
sanmpl i ng shoul d be begun as soon as possible after the
syringe first reads 10 uL. After 2 hr of sanpling, about
8.6 uL of the available 10 uL will have been injected. The
syringe punp is shut off (while seinpling continues), and the
syringe is quickly renoved, read, refilled to exactly 10 ulL,

and reinstall ed The neei xe is pushed thvcygh the septum

the syringe punp's novaoxc biocK 5« placed touching the

plunger, and the syringe ptmp is restarted. The syringe now

contai ns enough solution to finish the reminder of the
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sanmpling period without further attention, and at the end of
the period the procedure is the same as previously described
in Section 2. The refilling operation can be acconplished in
less than 1 mn, so the upset of the concentration
equilibriumis short lived. The cal cul ated generation-system
concentration is determ ned based upon the sum of the two
injection volunes, and reflects the average concentration
during the entire sanpling period (taking into account the
decline in concentration during this operation, since the gas
fl ow continues and the volime that flows during this time is
i ncluded in the volune used for the concentrati on
cal cul ation). The sanpl ed concentration, also reflecting the

average, will not be inproperly affected.

The Statistical Design also specifies that three
concentration | evels be used, and the generation-system
eval uati on discussed in Section 4, above, and in Appendi x B
l[imts the study to the range of 0.4 to 6.4 ppm therefore,

concentrations of 0.4, 3.4, and 6.4 ppmwere used in this
part of the study. Also specified is the use of three
sanpling flowates, which should range between 0.1 and
1.0 L/mn according to the Study Design. This specification
was followed for the 1-hr sanples, in which flowates of 0.1,

0.5, and 1.0 L/mn were used. For the 4-hr «"anples,

excessive dilution of the siinples before aualysis would be

required for 1.0 L/mn sanples of 6.4-ppm atnospheres, so a


NEATPAGEINFO:id=5E47D0DF-A676-4519-B349-9B045BBCB15A


138

range of 0.1 to 0.5 L/mn (specifically, 0.1, 0.3, and

0.5 L/min) was used for the flowates tested.

Except for the nodifications described in this section, the
operating procedure for this phase of the study is
essentially as described in Section 2, above, as suppl enented
by the additional information in the previous paragraph.

Since sanples of 0.4 and 6. 4-ppm at nospheres were col |l ected
at 1.0 L/mn for 1 hr during the generation-system
eval uati on, these sanples were not duplicated during the

experimental phase of the study; rather, the earlier data was

re-used.
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RESULTS

The raw data fromthe experinmental seunpling (min experinental phase

of the study) are presented in Appendix C. Table VII presents a

summary of these results.
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Nom nal Nom nal
san‘p| i ng f or mal dehyde
time, hr concentration
level, ppm
1 0.4
3.4
6.4
4 0.4
3.4
6.4

* Avera; Se cf two sanples

Noni nal
air-sanpling

flowate.

L/ mn

e

©o oo
oW RO

@\ nft

Tabl e VI I

Replicate For mal dehyde concentration, ppm

" Run" (corrected to s-tandard

nunber conditions r25""C, 760 mrHel)
gener at ed sanpl ed
(cal cul at ed)
0. 401 0. 372
0. 402 0. 345

1 0. 403 0. 347*

2 0. 399 0. 358*

3 0. 404 0. 350*
3. 46 3.15

1 3. 46 3. 00

2 3. 47 3.31
3.36 2, 88

1 6. 44 6. 09

2 6. 44 5.78
6. 49 5.65
6. 50 5. 72*

2 6. 36 5. 70*
6.41 5. 64*
0. 399 0. 400
0. 400 0. 334

1 0.393 0. 382

2 0. 406 0. 396

1 3. 40 2.95

2 3.31 2.72

1 3.39 2. 80

2 3. 40 2.79
3.36 2.69
6. 27 4. 40
6. 20 3.97
6.47 6. 27

** Based on a cal cul ated generation efficiency of 91% (See

Results sunmmary

Part VLB, Section 4).

Conbi ned

generation
and col | ection

efficiency,

92.
85

86.
89.
86.

0O N T ®

}-nmean (x)

91,

92.

88.

97,

84.

82.

Cal cul at ed
col | ecti on

efficiency, **
%

102
94
95
99
95
100
95

94
104
99
96
97
98
97
110
92
107
107
95
90
91
90
88
77
70
106
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ANALYSI S AND DI SCUSSI ON

The STommary statistics for the data in Table VII of Part VII appear
in Table VIII-1. As indicated in Table VII1-1, the mean conbi ned
(generation and collection) efficiency for all data is 87.4%

essential |l y unchanged fromthe generation system eval uati on where it
was 87.3% this leads to a cal cul ated mean collection efficiency for
all data of 96% unchanged fromthe average val ue taken fromthe
literature (see Section 4 of Part VLB for information on these
val ues). However, an exam nation of the results of the individua

observations (in Table VII of Part VII) and of the neans shown in
Table VII1-1 reveal s obvious variation in the data set above and
bel ow the overal|l mean, so an analysis was undertjdcen to deternmine if
this variation is purely randomor is correlated with changes in the
val ues of the factors under investigation (the sanpling conditions of
sanple time, fornal dehyde vapor concentration, and volunetric
flowate of air). Throughout the follow ng statistical analysis, the
conbi ned (generation and collection) efficiencies are used in the
statistical calculations in place of the cal culated collection

efficiencies (these quantities are, of course, proportional) for

covenl ence and because the fornmer are in fact what were actually
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Descri pti on of Ni i mber of sanpl e standard collection
dat a set val ues mean devi ati on efficiency.*
All data 27 87. 4 7.9 96

Al 1-hour data 15 89.1 3.1 98

Al'l 4-hour data 12 85. 3 11. 2 94

Al 0. 4- ppm dat a 9 91.0 6.1 100

Al 3.4-ppmdata 9 85. 8 4.9 94

Al 6.4-ppm data 9 85. 4 11.0 94

Al 0.1-L/mn Data 8 88. 4 9.0 97

Al 0.3-L/mn data (4-hr only) 4 78.0 9.4 86

Al 0.5-L/mn data 8 90. 8 6.7 100

Al 1.OL/mn data (1-hr only) v 87.7 1.6 96
1-hour, O.4-ppm data 5 88. 2 3.0 97
1-hour, 3.4-ppm data 4 89.7 4,4 99
1-hour, 6.4-ppm data 6 89.5 2.7 98
4-hour, O.4-ppmdata 4 94.6 7.5 104
4-hour, 3.4-ppmdata 5 82.7 2.5 91
4-hour, 6.4-ppmdata 3 77.0 17.5 85

*Based on

Table VII1-1.

Summary statistics for results

Conmb inl ed generation and

collection efficiency. %

a calcul ated generation efficiency of

91% (see Section 4 of Part

Cal cul at ed

nmean

VLB)

%
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Statistical Analysis

DI FFERENCES AMONG MEANS, Full Factorial Mdel - As a first step
inthis analysis, the data presented in Table VII were al so
subj ected to several analyses of variance (ANOVAs), perfornmed
with the aid of the General Linear Mdels Procedure of the
Statistical Analysis System (SAS), a mainframe conputer package.

The first two of these, one using the raw data and the ot her
using the data in log-transformed form were perforned to test
for significant differences anong the nean conbined (generation
and col lection) efficiencies for the various |evels of each of
the main effects (concentration, flowate, and sanpling time),

each of the three two-way interactions (e.g., concentration |eve

and sanpling tine), and the three-way interaction (all three main
effects conbined). Variation due to generation inprecision
("run"-to-"run" variability) is included in the error term
(because the replicate generation "run"-nunber level is the
| onest |evel available for the analysis and therefore cannot be
tested by a lower level), as is variation due to sanpling and
anal ytical inprecision, or any other tnmknown variables. These
ANOVAs were perfornmed as planned in the study design (see
Section 2 of Part V.B), and sone additional information about
themis provided in that Section. The |og-transformed data were
generated because it was suspected that the experiment?] data
were distributed in a fashion luorc cl:;oi,l> resenbling a

| og-normal than a normal distribution
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The ANOVA tables for these two anal yses are provided in
Tables VIII-2 and VII1-3. An exani nation of these tables reveals
significant differences anong the nean conbi ned efficiencies for
the various |levels of each of the nmain effects (p < 0.001) except
for sanpling tine, each of the two-way interactions (p < 0.004)
except for the sanpling tinme and fl ow rate conbi nati on using the
non-transforned data (p = 0.0057), and the three-way interaction
(p < 0.0018). Also shown is that the ? value (r = correlation
coefficient) for the log-transforned data is sonewhat greater
than for the non-trans fornmed data, which indicates that the

| og- nor mal distribution is a better representati on of the

di stri bution of the data than the nornal di stri buti on.
Ther ef or e, the ANOVA using the log-transformed data
(Table VI11-3) is considered the definitive illustration of the

presence (and strength) of significant differences anong the
neans of the various paraneters for the full factorial npdel, and

the |l og-transforned data were selected for use in a subsequent

ANOVA descri bed bel ow.

In the interpretation of the ANOVA results in Table VIII1-3, it
was necessary to consider that there are nany missing cells in
this ANOVA since not all of the flowates were used for each
sanpling tinme. This situation can be a cause of instability,
where th.zT" is apparently excessive, statistically significant
fluctuatiori of neans fromlevel to level of a factor, for aiiiio”"t
all factors (investigated paranmeters). Furthernore, the

precision (reproducibility) in the data set, as indicated by the
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Table VI11-2.  Analysis of Variance (ANOVA) of Raw Data with Full

Mbdel, for Differences in Means

Sour ce Degr ees of Freedom Sum of Squares
L | g — I 0. 00118810
Concentrati on 2 0. 02543559
I ovur at e =B 0. 03498815
Ti me*Concentrati on 2 0. 02272697
Ti nme* Fl owr ate 1 0. 01004890
Concentrati on*Fl owate 6 0. 03525418
Ti ne*Concentr*Fl owate 2 0. 02144591
r r <or L= 0. 00694283

r2 = 0.957154 C V. = 3.1776%

f val ue

. 54
16.
15.
14.
13.
.62
13.

49
12
73
03

90

Ooo0oo0o0O0O0

Factori al

p val ue

. 2460

0010
0007
0015

. 0057
. 0040
. 0018
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Table vit1-3. Analysis of Variance (ANOVA) of Log-Transfornmed Data with Full
Factorial Mdel, for Dfferences in Mans

Sour ce Degrees of Freedom Svim of Squares f value p val ue

| o = -1 0. 00275902 2.88 0. 1241
Concentrati on 2 0. 04109599 21. 42 0. 0004
Fl ovwuvw at e 3 0. 05093359 17.70 0. 0004
Ti me*Concentrati on 2 0. 02931737 15. 28 0. 0013
Tirae*Fl owate 1 0. 01428483 14. 89 0. 0039
Concentrati on*Flow ate 6 0. 05294803 9. 20 0. 0020
Ti me*Concentr*Fl owate 2 0. 03039808 15. 85 0. 0011
r r or (=1 0. 00863270

r2 = 0.963985
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3.2% coefficient of variation (properly calculated fromthe
non-trans forned data; see Table VII1-2) is so good that even very
smal | differences in conmbined efficiency are detected as
statistically significant. Taken together, the above two itens
indicate that the analysis has a very high power to detect small
differences that in turn my be present due to the instability.
The magnitude and real-world meaning of the detected differences
was investigated to help determne if they were inportant or

merely a statistical anomoly.

The magnitude of the detected differences was investigated by an
exam nation of the nmean conbined efficiencies for each main

effect, in Table VII1-1, which reveals that anong the nmeans for
the concentration levels (one of the main effects for which
significant differences among mesms were detected) is one which
i's noticeahly greater than the other; the converse situation (one
mean noticably lower) exists among those for the levels of flow
rate. These differences are, evidently, those detected by the
ANOVA. It should be noted that, for the latter case, the |ow
mean corresponds with one of the flow rates that was used at only
one sanpling time (leaving enpty cells at the other sanpling

time), and it is based on relatively few sanples conpared wth
those corresponding with the other flow rates

The magnitude of the differences detected is not extreme, with
the maxinumdifference between any two means for concentration

| evel's being | ess than 6 percentage points, and for flowrates
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| ess than 13 percentage points. The means for the nmobst highly
significsnt two-way interaction (tine and concentration
conbi nations) are also shown in Table VII1-1, and the maxintim
difference anong themis somewhat |arger at al nbst 18 percentage
points. The means for the three-way interaction are sinply the
me2ins for all cells (all sets of unique sanpling conditions),
whi ch can be seen in Table VIl in Part VIl as the conbi ned
efficiency results (and the indicated neans of the replicates for
those cells with replicate "runs"). Although there are |arge
di fferences anong sone of the means of the cells, the fact that
many contain only one val ue neans that random variati on nay

account for a portion of this, so this finding |acks inportance.

O greater inportance than the maxi mum di fferences anong neans is
t he maxi mum di ff erence between any nmean and the conbi ned
ef ficiency under previously docunented seunpling conditions
(determned in the generation system eval uati on phase; see
Section 4 of Part VLB) of 87.3% The statistical design
(Section 2 of Part V.B) was intended to detect any decline from
this figure in excess of 15 percentage points (which had been
calculated to occur if collection efficiency declined bel ow 80%,

based on the idea that such a decline would be excessive. For

the main effects, the maxi numdifference between any nmean and the
87.3%is only aboxit C oercentafeC points. ThiF indicates that the
sanpling performance is accc;.v.ule, at lear*-» for all sanpling
conditions investigated; however, the related question is then

posed as to whether the detected differences are true indicators
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of trends which may be of sufficient inportance to require, for
exeunpl e, the use of correction factors \nder certain sanpling

conditions, or of sone other measure to account for them

DI FFERENCES AMONG MEANS, Reduced-Size (n = 16) Mdel - To further
investigate the nature of the detected differences in neeuis, a
separate data set of reduced size <n = 16) was created by
elimnating (fromthe full factorial nodel) the data associ ated
with the flowrates that are not in conmon with each sf£unpling
time, so that there are no enpty cells. This renoved the source
of instability discussed above. This data was | og transforned
and the analysis was repeated. The ANOVA table is presented in
Table VIII-4. An exam nation of this table reveals no
significant differences anbng neans associated with the nain
effects. This finding inplies that the differences detected
using the full factorial nodel may have been | argely caused by
the instability. However, all but one two-way interaction and
the three-way interaction still have significant (p < 0.05)
di fferences detected. It should be noted, though, that this
analysis, while nore ideal than that for the full-factorial
nodel, is still "unbal anced" (i.e., unequal numbers of

observations per cell) and may therefore still be sonewhat

unst abl e.

The overal |l mean combined efficiency for the reductid-size nodel

and means for the nost highly significant two-way interaction

(time and concentration conmbinations) are also shown in
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Table VII1-4; the neens for the three-way interaction are sinply
the means for all cells in the nodel and can be seen in Table VI
in Part VIl, as discussed above for the full factorial nodel, by
ignoring the data for the 0.3- and 1.0-L/mn flowrates (as they
wer e excluded fromthe reduced-size nodel). These nmeans were
exam ned, to help determne the inportance of the significant
differences detected, in a fashion simlar to that described
above for the two- and three-way interactions in the ful

factorial nodel. Similar findings resulted.

Interpretation of the inportance of the detected differences for
the interactions was difficult, given their uncertain physical
nmeani ng and possible relationship to the presence of an
unbal anced anal ysis. Even if these differences were to be
di sm ssed as uninportant, it would not be valid to solely
consider the lack of significant differences anong the nain
effcets for the reduced-size nodel as the definitive finding
while ignoring those foind for the full factorial nodel because,
al t hough the r® value for the former (see Table VI11-4) suffers

only slightly conmpared to the latter, the latter still has the

obvi ous flaw of not using all of the data.

Therefore, it was desirable to seek further information to help
clarify the nature of the differences among neans for the main
effec'Ls with thp ~till factorial nodel (i.e., are they "real," or
an anonoly of the unstable analysis) and to help interpret their

physical significance. Even if the differences are "real," the
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Table VII1-4.  Reduced-Size (N=16) Model

with No Empty Cells, using
Log- Transformed Data, for Differences in Means
Anal ysi s of Varieince (AKOVA)

Sour ce Degrees of Freedom Sum of Squar es f val ue p val ue

| o o =—_ a 0. 00275902 1.49 0. 2895
Concentrati on 2 0. 02226378 6. 01 0. 0624
I ovwui at e a 0. 00114024 0. 62 0. 4767
Ti mre*Concentrati on 2 0. 02931737 7.91 0. 0407
Ti me*Fl owr at e 1 0. 01428483 7.71 0. 0500
Concentrati on*Fl owrate 2 0. 02344538 6. 32 0. 0577
Ti rae*Concentr*Fl ow ate 2 0. 03039808 8. 20 0. 0385
r r <o e 0. 00741504
r2 = 0.940411

Means

Descri pti on of Nronmber of Mean conbi ned (generation
data set__ values_ and coll ection) efficiency. %
All data 16 89. 6
1-hour, O.4-ppm data 2 89. 3
1-hour, 3.4-ppmdata 3 91.0
1-hour, 6.4-ppm data 3 90.5
4-hour, O0.4-ppm data 3 98. 2
4-hour, 3.4-ppmdata 3 83.0
4-hour, 6.4-ppm data 2 83. 6
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magni tudes are still below the stated criteria, and are at
di screet points wthout obvious trends. It would be physically
i npl ausi bl e, though certainly not inpossible, for significant
chfinges in collection performance to occur in the mddle of a
range of a given factor as inplied by the findings of the ful

factorial model, since a linear or curvilinear relationship seens
likely in this situation; therefore, a determ nation of whether
significant trends exist in the data would provide further
information on the nature of these differences, and their
i mportance to the actual use of the collection method in the
field. For exanple, even if it were found to be acceptabl e under
the criteria to use the method throughout the studied ranges of
the various factors, a determ nation of the presence of
significant trends would indicate if collection perfornance
declines occur over certain ranges and thus if correction factors
are needed across and/or outside of certain ranges, or if other

precauti ons shoul d be recommended.

| NVESTI GATI ON OF TRENDS, Informal Exam nation of the Means - The
initial step taken to determ ne the presence of trends in the
data was an informal [ook, by reexam nation of the neans in Table
VI1 of Part VII and Table VIII1-1. Sone possible trends were
found. For exanple, possible trends can be seen in Table VI1I1-1
anong the neans for the concentration levels and time leMels
(there is variation among the flowacfc-icViil mean*' but no
apparent trend) and for the two-way interaction of tine and

concentration; however, no trend certain to be statistically
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significant was obvious. This finding led to a need to formally

deternm ne trends.

| NVESTI GATI ON OF TRENDS, Formal Determnation - To formally
deternmine trends, the data presented in Table VII were subjected
to four additional emalyses of variance (ANOVAs), for regression
anal yses, treating each factor as a continuum (as each of these
factors are). These were: an ANOVA using the full nodel (nmain
effects, two-way interactions, enmd three-way interactions); an
ANOVA of the log-transformed data, using the full nodel; an ANOVA
of the log-transfonned data, for the main effects and two-way

interactions; and, an ANOVA of the log-transforned data, for the

mai n effects only.

The purpose of these ANOVAs was to test the data for
statistically significant trends in conbined (generation and
collection) efficiencies associated with each of the main effects
(concentration level, sanpling time, and flowate), with each
two-way interaction (e.g., concentration |level and sanpling
tinme), and with the three-way interaction (all three main effects
conbined). To find such trends, the nodels were used to
determne, for all main effects and interactions included in each
particular nodel, if the line of best fit that could
theoretically be plotted to represent conbined ef”'iciencies
across the iiivestigated range of a particular nmain effect ot
interaction had a significant slope. Mre specifically, the nul

hypot hesis for each such line is that its slope is equal to zero,
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and the testing determnes if its slope varies significantly from
zero. The rationale behind testing for trends in this manner is
that the conbined efficiency would ideally exhibit a flat
(no-sl ope) response over the investigated range of a given

factor, and it is desirable to knowif that is not the case.

Insufficient data were available to properly test for significant
hi gher-order coefficients (e.g., quadratic), which, if present,
woul d of course indicate the presence of higher order
rel ationshi ps, because only three levels were nmeasured for each
factor and nore than three woul d be needed to do this. However,
it was believed that the nost likely trends would exhibit at

| east some linearity and would thus still be detected.

The i ndi vi dual ANOVA npdel s chosen were selected to allow the
most conservative assessment of each |evel of analysis (nain,
two-way, etc.) by not using the statistical power of the levels
bel ow; these |lower levels are instead included in the error
term In other words, the nost conservative assessnent of the
main effects is provided by the ANOVA for the main effects only;
if a significant source of variation is one of the main effects,
then a sinple nodel relating variability in the data to one or

nore individual physical parameters can be confidently applied.

The | og-transformed daca w=re “TieiiilLed for the same reason as
with the first two ANOVAs (for differences in neans) described in

this Part: because it was suspected that the experinental data
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were distributed in a fashion nore closely resenbling a
| og-normal than a normal distribution. After the ANOVAs of both
the non-transforned and the | og-transfornmed data were generated
using the full nodel, they were conpared to determ ne which
distribution was nore closely resenbled by the distribution of
the data; the |og-normal distribution was selected as the better
representation of the distribution of the data (the rationale for
this selection is noted below, jind was discussed previously wth
respect to the two ANOVAs for differences in nmeans). Based on
this selection, the log-transformed data were used for the two
remai ni ng ANOVAs (for the nain effects and two-way interactions,
and for the main effects only). In all of these ANOVAs,
variation due to generation inprecision ("run"-to-"run"
variability) is included in the error term since the replicate
generation "run"-nunber level is the |owest |evel available for
the analysis and therefore cannot be tested by a | ower |evel;
variation due to sanpling and anal ytical inprecision, or any

ot her unknown variables, is also included in the error term

Tables VII1-5 through VI11-8 contain the ANOVA tables fromthese
anal yses. A conparison of the r2 values in Tables VIII-5 and
VIII1-6 indicates that the log-nornmal distribution is a better
representation of the distribution of the data than the nornal
distribution, since ¢th«» r from tht ANO‘“A of the

| og-transformed data is the greater of the two. Th& efore, the
| og-transformed data were selected, as noted above, for use in

t he subsequent two ANOVAs (for the main effects and two-way
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Table VI11-5.  Analysis of Variance (ANOVA) Table for Regression Analysis of
Raw Data with Full Mdel, for Trends (Non-Zero Sl opes)

Sour ce Degrees of Freedom Sum of Squar es f val ue p val ue
L | g =— “u 0. 00344725 0. 94 0. 3439
Concentrati on 1 0. 00533195 1.46 0. 2422
FlI owvuiv at e a 0. 00002463 0. 01 0. 9355
Ti mre*ConcGntration 1 0. 03163825 8. 65 0. 0084
Ti me*Fl ovwr at e 1 0. 00128864 0. 35 0. 5599
Concentrati on*Flowate 1 0. 00610554 1.67 0. 2120
Ti mre*Concentr*Fl owrate 1 0. 01517688 4. 15 0. 0559
r r or a1 92 0. 06952686

0. 576147 C. V. = 6.9203%
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Table VII1-6. Analysis of Variance (ANOVA) Table for Regression Anal ysis of
Log- Transfornmed Data with Full Mddel, for Trends (Non-Zero

Sl opes)

Sour ce Degr ees of Freedom Sum of Squar es f val ue p val ue
B ] | g = N 0. 00525230 1.01 0. 3267
Concentrati on 1 0. 00795828 1.54 0. 2303
FlI owvwuia at e a 0. 00000148 0. 00 0. 9867
Ti me*Concentration 1 0. 04735473 9. 14 0. 0070
Ti me*Fl ovr at e 1 0. 00221540 0. 43 0. 5210
Concentrati on*Fl owrate 1 0. 00898586 1.73 0. 2035
Ti nre*Concentr*Fl owrate 1 0. 02224266 4. 29 0. 0521
r r onr A 9 0. 09844079

r2 = 0.593963
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Table VI11-7. Analysis of Variance (ANOVA) Table for Regression Anal ysis of
Log- Transforned Data, Main Effects and Two-VWAy | nteractions
Only, for Trends (Non-Zero Sl opes)

Sour ce Degrees of Freedom Sum of Squares f val ue p val ue
Ti me 1 0. 00142898 0. 24 0. 6318
Concentrati on 1 0. 00014385 0. 02 0. 8788
Fl owr at e 1 0. 01490209 2. 47 0. 1318
Ti me* Concentrati on 1 0. 02938001 4. 87 0. 0392
Ti rae*Fl ow at e 1 0. 01445910 2.40 0. 1373
Concentrati on*Fl ow at e 1 0. 00280262 0. 46 0. 5034
Er r or 20 0. 12068346

r2 = 0.502219
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Table VII1-8.  Apnalysis of Variance (ANOVA) Table for Regression Anal ysis of
Log-Trjinsformed Data, Main Effects Only, for Trends (Non-Zero

Sl opes)
Sour ce Degrees of Freedom Sum of Squar es f val ue p val ue
Ti me 0. 02013796 2.26 0. 1464
Concentrati on 0. 01869058 2.10 0. 1610
Fl owr at e 0. 00175909 0. 20 0. 6610
Err or 23 0. 20494538

r2 = 0.154665


NEATPAGEINFO:id=9D623723-74F2-4D81-982D-1C2F8517CB6D


160

interactions, and for the nain effects only), and the three
ANOVAs based upon the | og-nornmal distribution, for which
Tables VII1-6, VIII-7, and VIII-8 are the ANOVA tables, are
considered the definitive illustration of the presence or absence

of significant trends in the data.

As shown in Tables VIII-6 and VIII-7, for the full nodel and for
the nodel with nain effects and two-way i nteractions,

respectively, significant (p < 0.04 in both cases) variation is
associated with the two-way interaction of tine and concentration
level, Indicating a trend in conbi ned efficiencies associ ated
with the conbi nati on of tinme-and-concentration |levels. In the
full -nodel ANOVA, a non-significant trend of variation associated
with the three-way interaction (concentration, tinme, flowate)
was detected (p > 0.05). No significant trends are associ at ed
with any of the main effects in any of the three nodels. The
ANOVA table for the non-transforned data (Table VIII-5) indicates
a coefficient of variation (G V.) of only 6.9% The C. V. is
associated with the error term (which, as noted earlier in this
Part, includes variation in the data due to generation
i npreci sion, sanpling and anal ytical inprecision, or any other
unknown variables), and this [ow value indicates that variation

due to these items is small, giving good overall precision

As noted in SectlCi 2 of Part V.B, it was intended that the data
presented in Table VII al so be subjected to an anal ysis by

response-surface determnation; this type of analysis, normally
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conput er generated, provides two-dinmensional contour-map di agrans
of the response of a selected paraneter at a selected | evel of
significance, with respect to two other paraneters selected as
t he ei xes. However, there since there is no significant
associ ation between variability in the conbined efficiency and
2iny single factor such as sanpling flowate, and because the
significant variability associated with the two-way effect has no
cl ear physical meaning (this is discussed two paragraphs hence),

this type of analysis would not provide any useful information

for this data set and so was not used.

Generally, the results of the AKOVAs indicate that the collection
efficiency of the nethod is fairly constant throughout the tested
ranges of sanpling tinme, air-sanpling flowate, and airborne
f or mal dehyde concentration. As noted at the beginning of this
Part, the cal cul ated nean collection efficiency for all of the
data is 96% (see Table VII1-1), the same as previously docunented
for limted ranges of sanpling tinme and flowate (see Section 4
of Part VLB). However, the neaning of the significant variation
in the results associated with the two-way interaction of

StunplIng tine and concentrati on nmust be assessed.

An exam nation of the data in Table VIII-1 reveals the trend

responsible foi .t-ne ® s*. A-i'lcance of t!j.s two-way interaction of
sanpling time and concentration: the collection efficiency is

stabl e across concentration levels for 1-hr sanples but declines

sharply with concentration for 4-hr samples. However, the
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i nteraction does not have any obvi ous physical significance, in
terns of why it would be a factor affecting coll ection
efficiency. |Increasing these pareuneters together does not
necessarily lead to a large total sanple volunme or collectable
mass of analyte, as a low flowrate could be used to offset these
parjuneters. In fact, the data in Table VII in Part VII indicate
that a nmuch hi gher conbi ned efficiency was neasured at the
hi ghest flowate, than at the other flowates, for the highest

concentration at the |ongest tine.

The anobunt of variation in the data fromthe 4-hr, 6.4-ppm"runs"
is rather large, and one mi ght speculate that sone difficulty was
encountered in keeping the generation systemcontroll ed under
these conditions. In fact, the variation within nost of the 4-hr
data is relatively large. Perhaps all of the 4-hr data are
somewhat inprecise, allowing for randomerror, and perhaps there
was i ncreased generation-systemdifficulty at the highest
concentration (6.4 ppm over the 4-hr period causing an apparent
low efficiency. It nmay be noticed that if the rather variable,
4-hr, 6.4-ppmdata, which also have a rather |ow cal cul ated nean
col l ection efficiency, were excluded, the collection perfornmance
woul d "appear" essentially constant. Nevertheless, there is no
evi dence outside of speculation that the detected trend is an
artifact of increased generatioT) sytitf-mA”Tnnrecision. So. t-be
ANOVA found the trend to be significant, and, despite the fact
that no "conmon sense" reason is apparent, it mnust be assTi nmed

that the trend does reflect an actual (although relatively snall)
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|l oss of collection performance at the highest concentrations over

t he | ongest times.

SUMVARY - The investigation of trends in the data, by revealing
no significeint trends eunong the nmain effects, clarifies the
nature of the differences anong neans for the main effects with
the full factorial nodel (detected in the first ANOVA in this
Part) as nost |ikely being an anonoly of the unstable analysis;
this is due to the physical inplausibility of significant changes
in collection performance occuring in the mddle of a range of a
given factor (as inplied by the findings of the full factorial
nodel ) when the factor has no significant trend across its
range. As noted earlier, even if the differences at discreet

points are "real," the nagnitudes are still below the stated
criteria. Simlar reasoning is used for the interactions found
in the "differences anbong neans" analysis that are not confirned
by the investigation of trends. Therefore, a judgenment has been
made that, with respect to the actual use of the collection
method in the field, special consideration need only be given to
t he apparent | oss of collection perfornance at the hi ghest

concentrations over the longest tinmes, noted in the previous

par agraph, detected by the investigation of trends.

P. O her Cc”siderrtions

In Part 111.B, it was concluded that chem cal reaction wll

account for nost of the absorption which occurs when


NEATPAGEINFO:id=2ADC0B75-9A46-4AE2-A574-13708CFF6D05


164

f or mal dehyde-contai ning gas is collected with aqueous sodi um
bisulfite, but that absorption by solution nust be considered as
a possi bl e secondary nechemsm A |list was devel oped, in
Section 1 of Part II11.A, of eight factors influencing the
coll ection efficiency perfornmance, for absorption by solution, of

a gas absorber. Sone of these were varied during this study:
t he degree of contact between the gas and the absor bent
(determ ned by bubble size, which, for a midget inpinger, is
affected by the rate of gas flow); the duration of contact (also
affected by the rate of gas flow); the volune of gas sanpl ed
(also affected by the rate of gas flow, as well as by the
sanpling time); and, the concentration of the cont«imnant in the
gas. In Section 2 of that Part, a simlar |list was devel oped for
absorpti on by chem cal reaction. Sone of these were varied
during this study: the first two itens in the above list; and,
the nolar quantity of contanminant to be collected and reacted
(determ ned by the concentrati on of the conteuninant in the gas
and the volune of air sanpled [in turn deternined by the rate of

gas flow and the sanpling tine]).

The current study has essentially been unable to detect changes
in collection performance for the investigated systemrelated to
changes in the factors |isted above. (Recall that the apparent
loss of f-ollect-ioii perfor®*"".ce detected at the highest
concentrations over the | ongebL Li nes does not appear to be
related to high total volunme or high nolar quantity of

contam nant coll ected and reacted, because the | oss occurs anong
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the lower flow rates, not the highest one). The best explanation
for this fact is that, for each of the factors varied in the
study, the r2uige of values over which the factor was varied did
not cause any of the underlying factors in the |list above to be
pl aced outside of the range in which they provide near-naxi nal

absorpti on of formal dehyde fromair into the absorbing |iquid.

This may be because sone of the other factors listed in
Part 111.A, which are not anbng those |listed above as being
varied in the study (sone because they are fixed properties
I nherent to the physical systemused), are so strongly favorable
to absorption that declines in absorption performance caused by
varying the factors which were varied were too small to detect.

Specifically, high rates of diffusion and reaction, and a high
solubility of both formal dehyde and t he sodi um
f or mal dehyde- bl sul flte conpound, are possible factors that could

strongly favor absorption.
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CONCLUSI ONS

It may be concluded fromthis study that the collection efficiency,
for airborne formal dehyde, of mi dget inpingers containing about 20 nL
of aqueous 1% sodium bisulfite is about 96% when volunetric airfl ow
rates between 0.1 and 1.0 L/min are used for 1 hr, or when volunetric
airflow rates between 0.1 and 0.5 L/mn are used for 4 hr, for
ai rborne fornmal dehyde concentrati ons between 0.4 and 6.4 ppm A
possi bl e exception to this statenent is evidence of an unexpl ai ned
decline in collection efficiency when concentrations near 6.4 ppm are

sfinpled for 4 hr.

The eval uation of the dynani c generation system devel oped for this
study led to a conclusion that the generati on system can generate
|l evel s of airborne fornal dehyde between 0.4 and 6.4 ppmw th an

ef ficiency of 91% and hi gh precision (see Appendi x B)
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RECOMVENDATI ONS

A. Recommendati ons regardi ng the Sanpling Method

1

Recomendati on for the Use of the Sanpling Method

It is recommended that m dget i npingers containi ng about
20 nL of aqueous 1% sodi\imbisulfite be used with volunetric
airflow rates between 0.1 and 1.0 L/mn for 1 hr, or with
voltmetric airflowrates between 0.1 and 0.5 L/nmin for 4 hr

for airborne fornal dehyde concentrati ons between 0.4 and
6.4 ppm A possible exception to this statenent occurs when
concentrations near 6.4 ppmare SEunpled for 4 hr, due to
evi dence of an unexpl ained decline in collection efficiency
under these conditions. If concentrations of that magnitude
are anticipated, linmting the sanpling tinme to 1 hr is
reconmended (which would not ordinarily create a problem

since long-term exposure to such high concentrations is rare

t oday) .
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2. Reconmendations for Future Research regarding the Sanpling

Met hod

a. It is recommended that additional research be conducted
to determ ne the nature of the problem di scussed above
regar di ng possi bl e reduced coll ection efficiency at

6.4 ppm for 4-hr sanpl es.

b. It is recommended that additional research be conducted
to deternmine the collection efficiency of the system
between 0.1 and 0.4 ppmover the tine and flow ate ranges

used in this study.

B. Recommendati ons regardi ng the Dynanic Generation System

1. Reconmendation for the Use of the Dynam c Generation System

It is recommended that the system be used to generate

ai rborne fornal dehyde concentrati ons between 0.4 and 6.4 ppm

(see Appendi x B).

2. Recommendation for Future Research regarding the Generation

System

It is reconmended that additional researcn Le conducted to
determ ne the source of the reduced generation efficiency of

the systemin the 0.1-ppmrange.
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Appendi x A Spectrophotometric Standard Anal ytical ("Calibration") Curve
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Tabl e A-2. Spectrophotonetric Calibration Curve - Final Data Used

Mass of fornal dehyde Absor bance. AU

in color -devel oped Rvaa. 2, Run 3, Run 4, Run 5, Mean, Runs
solution, yg 1-31-85 1-31-85 2-8-85 2-8-85 2 through 5
0. 00 0. 000 0. 000 0. 000 0. 000 0. 000

1. 00 0. 065 0. 067 0. 064 0. 066 0. 066

3. 00 0. 201 0. 194 0. 195 0. 197 0. 197

5. 00 0. 329 0. 322 0. 331 0. 330 0. 328

7. 00 0. 449 0. 434 0. 432 0. 440 0. 439

10.0 0. 620 0. 584 0. 602 0. 589 0. 599

12.0 - - 0. 695 0. 689 0. 692
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Statistical Analysis and its Interpretation

The data presented in Table A-2 were subjected to a two-way anal ysi s
of variance (ANOVA) without interactions, perfornmed with the aid of

t he General Linear Mdels Procedure of the Statistical Analysis

System (SAS), a mai nfranme conputer package. The purpose of this was

to test for variation in the data due to "run nunber." The nodel took
account of "run" and concentration. Table A-3 contains the ANOVA
table fromthis analysis. As shown in Table A-3, highly significant
(p = 0.0001) variation is associated with concentration; this would be
expect ed, of course, since the very purpose of the curve is to
illustrate the concentrati on dependence of the absorbance. O greater
value here is the finding that the variation with "run" is not
significant (p = 0.0829). This finding permits the final decision to

pool the data fromall of the runs to create a conposite calibration

cur ve.

The conbi ned data were then subjected to regression anal yses, both
first and second order (linear and quadratic forns, respectively) as
noted in the main body of this report. These anal yses were al so
perforned with the aid of the General Linear Mdels Procedure of SAS

The purpose of these anal yses was to provide the estimated |ine or

curve of best fit for the data that conforns tc each of the forns

specified, and to provide an estimate of Lhc i/rcdlc*-iVk- v-clue of easl

line or curve.
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The estimated first-order line of best fit is described by the
following |linear equation: y = 0.014 + 0. 059x where
y = absorbance (All) and x = nass of formal dehyde in the
col or-devel oped solution (ug). The y-intercept (0.014) was found to
be significantly different fromzero (p = 0.0095). This is
undesi rabl e because the "true" curve must have &n intercept of zero,
since the absorbfince is arbitrarily set to zero (y = 0) using the
bl ank (zero mass of fornal dehyde, or x = 0) solution. This finding
can be interpreted as evidence of at |east sone |ack of accuracy in
the region of | ow concentrations. As expected, the slope, or
linear-termcoefficient (0.059), was found to be significantly
different fromzero (p = 0.0001). This is expected because the "true"
curve should have a non-zero slope to reflect the theoretically
proportional relationship between concentration and absorbance. The
correlation coefficient is a very good 0.996, indicating strong

correlation and thus predictive value overall.

The estinmated second-order curve of best fit is described by the
followi ng quadratic equation: y = -0.00216 + 0.07050X - O OO osx”
where y and x are defined as in the precedi ng paragraph. The
y-intercept (-0.00216) was not foiind to be significantly different
fromzero (p = 0.45). This is desirable because, as noted above, the
"true" curve nust have an intercept of zero. As also noted above, the
"true' curvp “shonld have a non-zero linear-termcoefficient ("slop°>
to reflect uie theoretically proportional relationship between
concentration and absorbance. This coefficient (0.07050) was indeed

found to vary significantly fromzero (p = 0.0001). O nmuch greater
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inportance is the fact that the quadratic-termcoefficient (-0.00105)

was also found to vary significantly fromzero (p = 0.0001), meaning
the quadratic termis, by definition, significantly different from
zero (except when x = 0). This indicates that there is significant
curvature in the data, which is necessary and substsintial

justification for using the quadratic nodel. Also, the correlation
coefficient is an excellent 0.999, indicating very strong correlation

and thus predictive value overall.
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Tabl e A-3. Spectrophotonetric Calibration Curve - Analysis of Variance (ANOVA)
on the Data.

Sour ce Degrees of Freedom Sum of Squares f val ue p val ue
Run 3 0. 00035 2. 67 0. 0829
Concentration 6 1. 34454 5115. 56 0. 0001
Err or 16 0. 00070

r2 = 0.9995 C. V. = 2.2%
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Desi gn

In Part V.A the overview of the study design, the need for, and
t he purpose of, an evaluation of the generation system was
di scussed, with respect to the conplete study design. The basic
strategy for evaluating the generation systemwas al so di scussed.
The generati on and seunpling requirenments for this evaluation were
deterni ned both by the requirenments of the overall study as set
forth in Part V.B, Section 1 (these affected the actual operation
of the apparatus during this phase and thus are further discussed
in the Methods, Part VLB.3), and by the follow ng statistica

desi gn.

STATI STI CAL DESI GN OF THE GENERATI ON- SYSTEM EVALUATI O\ The

foll owing two assunptions were used to formul ate the design: a
sampling error of 5% (based on typical portable sanpling pum
performance); and, an anal ytical error of 5% (based upon a
docTonented three-| aboratory conparison [45]). The foll ow ng
criteria were also used to fornul ate the design: an 80% power of
detecting a difference of 5 percentage points in generator
efficiency for one or nore concentration |levels fromthe average
generator efficiency. The desi gn was based upon varyi ng the
foll owi ng paranmeters: the nunber of concentration |levels; the

nui i ber of repllcite gpneratio*:" ("runs") per concentration |evel;
and, the nunber of -”olicalLv- szunples collected per "run." The
objective of this last itemwas to provide a neasurement of

sanpl e-to-sanpl e variability (including differences between sanple
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ports in the apparatus, and sanpling and anal ytical inprecision)
whi ch woul d be included in the ANOVA's error term (representing
overall inprecision fromfactors not isolated in the analysis).
This source of variability would be included in the error term of
the analysis so that it would not be included in any variability
detected in the higher |evels (concentration |evel, and

run"-nunber within concentration |level). Further discussed bel ow

is why this source of variability cannot be individually neasured.

A family of four proposed study desi gns was devel oped. Each
design, consisting of a proposed ntmerical value for each of the
t hree paraneters noted above, was subjected to a power cal cul ation
of the Analysis of Variance (ANOVA) type. More specifically, a
hi erarchical design for a nested ANOVA was intended to be used, and

the power calculations reflected this.

The ANOVA around which the proposals were designed was intended to
test for significant differences in generation efficiencies between
concentration levels (the main effect) and between "run"-nunber

level s within concentration levels (the nested effect). The ANOVA

was not i ntended to test for di fferences bet ween overall

"run"-nunber | evels because they woul d have no physi cal neaning
(since generation "rTins" sharing the sane nunber have nothi ng but
the nionber in ccnoT:). Th" *'' TOVA cannot tes”™- fot differences
bet ween sanpl e-code ("A" or "B") level becauss tnis is the | owest

level in the design; variation in the data due to differences

bet ween these | evels (which would indicate differences between
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seunpling ports "A" and "B" in the experinental apparatus [see Part
VI.A]) would be included in the error term as would variation due

to sampling and anal ytical inprecision, or any other unknown

vari abl es.

As inplied in the previous paragraph, the basic hierarchical design
pl aced concentration | evel at the highest level in the intended
ANOVA; bel ow that was generation "run" nunmber within concentration
the next, and |l owest, level was the error term The hierarchica
nature of the design provides for determn nati on of whether the
conponent of variation associated with the second | owest |evel of
the ANOVA (in this case, "run" within concentration) is
significantly greater than that associated with the | owest | evel
(error). Then, the conbi ned conponent of variation of these two

Il evel s would be sinilarly conpared to the next highest |evel (which

is concentration |evel).

The power cal cul ati ons used the nonber of degrees of freedom
avai |l able from the nionmber of l|evels of concentration; the nunber
of |l evels of generation "run" within concentration (i.e., the
nunber of "runs" per concentration level); and, the error term
containing the remaini ng degrees of freedom needed to allow for the
total nunber of sanples called for in the specific proposed
design. Only the main effect was reqviir&l to nept the power
criteria (therefore, the power to detect the nested effect nmay have
been | ess than 80% . The npbst practical design containing a
sufficient nunber of degrees of freedomto provide statistica

power neeting the above criteria was sel ected.
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The foll owi ng design was sel ected and used:
4 concentration | evels of airborne formal dehyde
3 generation "runs" per concentration |eve

2 air sanples collected fromeach generation "run"

24 air sjunples, tota
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2. Met hods

The equi prent and procedures used to conduct the eval uation of the
generation systemare the same as those used for the nmain
col l ection-efficiency study (see Part VI); the few exceptions to
this statenment can be found in Section 3 of Part VLB, "Specific

Qperation During CGeneration System Eval uation."

Wien the study was initially undertaken, the heated injection block
was not included in the generation-system apparatus; rather, the
i njection was conducted at anbient tenperature. A special glass
"T" fitting, with the vertical branch of the "T" shaped to hold the
septum and the horizontal branches carrying the gas flow, was used
inits place in the apparatus. In this configuration, the
apparatus pictured in Figure VI-1 in Part VI.A Section 1, also
differed in that the full volunme of gas flowed through this "T"
rather than being split, and that there was no nass flowneter (al

of the gas was passed through and netered by the rotaneter), nor
was there a need for a thernocouple or power supply controller. O
course, the operating procedures were slightly different, sinply
reflecting these changes only. As shown in the next section of
this Appendi x, the attenpt to use the system as described here was

unsucessful, and the equi pnent and operations were then nodified to

the specifications dc«?rribed mrart VI»
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Resul ts

The raw data fromthe initial trials of the generati on system
wi t hout the heated injection block and associated itens (see
Section 2, above, of this Appendi x) are presented in Table B-1.
Tabl e B-2 presents a sumary of these results. The nean of the
combi ned (generation and collection) efficiencies is 66% and the
sanpl e standard deviation is 15% (n = 14). The nean of the
cal cul ated generation efficiencies is 69% As noted in Table B-2,
the validity of the results of six of the sanples is doubtful;
recal cul ati on of the above summary statistics excluding these data
results in a nmean of 55% (seunple standard deviation = 6.3% n = 14)
for the conbined (generation and collection) efficiencies, and thus

a nean of 57% for the cal cul ated generation efficiency.

An obvi ous problem of | ow and vari abl e generator efficiency is
apparent fromthe data in Table B-2 and these statistical
paraneters. In fact, data collection was suspended when t he
probl em was di scovered, although two concentration | evels had not
yet been investigated. Wiite solid residue was noted to be formn ng
on the injection needle tip. (It was visible through the gl ass
"T-fitting" used in place of the heated injection block for the
initial generation "runs.") The cause of the problem apparently,
is that «cne parc”oT-wpiieWe j”olyner formation occurred, rather
than compl ete evav>."'--.tion of the forml dehyde in the
solution (70). Possibly, this is due to the nethanol in the
sol uti on vapori zi ng sooner, |leaving nothing to stabilize agai nst

pol yneri zation (70).
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Table B-i. Raw bata. Evaluation of the Generation System Initial Generation "Runs" Wthout Heated Injection Block

uat e "Run" cooe Conditioning Sanpl i ng Measur ed- I'njection Generation Cal cul ated Sanpl e
(tinej of el apsed tine, and injection sol uti on systerr generated code
generation non nal replicate mn neasur ed- vol une, concentration vol unetric concentration

"run" f ormal dehyde “run" injection uL of gas of
concentration nunber el apsed fornmal dehyde, flowate, formaldehyde,
level, ppir, ) time, my/nL std. L/min ppm
mn
i —4-i yfab U.i 1 12 60. 0 4. 48 5. 17 3.0C 0.105 A
B
k-b-i 98b O. 1 2 , 60 60. O 4. 47 5. 17 2.98 0. 105 A

kK- 7-19bb O. 1 3 45 60. 0 4. 41 5. 17 3. OO O. 103

Z-i Z-iybS 0.4 1+3 60.0 4.37 2.7 2.96 0.415 A
Uu: 4i am
@ B
2-12-1985 u4 23t 60.0 4.42 20.7 2.96 0.419 A
(3:40 pm
B
2-13-1985 0.4 330 60.0 4.40 2.7 2.96 0.415 A

2- 19- 1983 0.4 4 55 60. 0 4. 43 20. 7 3.01 0O. 413
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Table B-2. Results Sunmary, Evaluation of the Generation System Initial CGeneration "Runs" Wthout Heated

I njection Bl ock

Cenerati on "Run" code

Nom nal Replicate Cal cul at ed Sanpl e Sanpl ed Conbi neq Cal cul aF ed
f or mal dehyde " Run" gener at ed code f or mal dehyde generation _ gener gt i on
concentration nunber f or mal dehyde concentration. and COl | ection efficiency, **
| evel , ppm concentration, ppnt effici ency. % %
ppnt
0.1 1 0. 105 A 0. 056 53 55
B 0.061 58 60
2 0. 105 A 0. 054 51 53
B 0. 054 51 53
3 0. 103 A 0. 075*** 73 76%**
B 0. 098* ** 95* * * 9O* * *
0.4 1 0. 415 A 0. 36*** g7*** Q1% **
B 0. 33*** 80* * * 83* * *
2 0. 419 A 0. 32%** 76% % * 79***
B 0. 32%** 76%** TOx**
3 0. 415 A 0. 22 53 55
B 0.22 53 55
4 0. 413 A 0.29 70 73
B 0.22 53 55

* Corrected to standard conditions (25°C, 760 nmmHg)

** Based upon a col lection efficiency under these sanpling conditions of 96% (see Part VLB.4 for a discussion
of this docvrented collection efficiency)

*** Possible contam nation of injection area and system bY pol ymerized HCHO (paraf or mal dehyde) solid fromprior
injections on 0.1 ppm(nomnal) run 3 and 0.4 ppm{nomnal) runs 1 and 2.
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As a solution to the above probl em based upon advice
received (70), the apparatus and procedures were revised by the
addition of the heated injection block to the systemand the use of
it to heat the injection area to at least 170°C, to prevent

pol ymer formation (or, to deconpose it as it forms [70]).

The apparatus and procedures were then as described in Part VI,
Met hods. The generation system eval uati on was then begun again

this time it was conpleted w thout apparent problens. The raw data
fromthe evaluation of the generation systemare presented in

Table B-3. Table B-4 presents a sunmary of these results.

Anal ysi s and Di scussi on

The summary statistics for the data in Table B-4 appear in
Table B-5. Also based on the data in Table B-4 is Figure B-1, a
pl ot of the mean conbined (generation and collection) efficiencies
for each generation "run" (based on the results of the two sanples
col l ected during each "run") against the nom nal concentration
| evel s. The data presented in Table B-4 were al so subjected to a
nested anal ysis of variance (ANOVA) with nultiple conparisons,
performed with the aid of the General Linear Mdels Procedure of
the Statistical Analysis System (SAS), a mainfrjine conputer
package. The purpose and design of this ANOV4 was idantical to
that vhich was planned during the design of thib phese sf the
study, and it is fully described in Section 1 of this Appendix;
some of the key points noted in Section 1 are restated in the

fol |l owi ng paragraph.
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Table b-j.

kaw Uata, Evaluation of the iieneration System

uat e "Run" code ~ Conditioning  Sampling  Measured- I'njection Generation Calculated Sanpl e Sanpl e | npi nt
(time) of el apsed tinme, and injection sol ution system genera tec code (punp) numhe
generation nominal replicate ' . measured-  volume,  concentration vol umetric concentration voluretric (1prin
run formal dehyde "run injection u of gas of gas 2=back
concentration nunber el apsed formal dehyde, flowate, formal dehyde, flowate,
level,  ppmtine, _ g/ ni L std. LUnin pprr std. L/ mn
mn
4-1U-3J. W5 U. 4 40 60. 0 4. 45 20. C 3.00 0. 403 A 0. 965 11
21
B 0.995 11
21
4-11-iii bi 0. 4 45 60. 0 4. 42 20.0 3.01 0. 399 A 0.987
(am
P 1.01 1
2
4-1%-i1(Bb 59 60. 0 4. 46 3.01 0. 404 A 0.997 1
tpm E 1.01 1
2
4-io0-ii(bb b.4 51 60. 0 4. 45( 31- 2.95 6.5C A [eXx+]e7] 1
B 0.994 1
2
4-17-1.1'(bb 0.4 a7 60O. O a4. 42 319 3.01 6. 36 A 0.993 1
(am
B 0.993 1
2
4-17-i!*bb 0.4 40 S60. 4 a4. 49 31 - 6.41 A i.or 1
ipm B I.d
2
4-3(j-ii(bb u.l 4494 60. O 4. 39 4. 9Oc. 3. oe 0. 0991 A 0. 986
(>i:4u am
B 0. 996 1
2
4-j Ui ybb Ui 76* 60. 0 4. 55 4. 99 3. 00 0.103 A 0.98C
114U )
= ik E C. 984 1
2
4-3U-i 9bb U. | 61* 60.0 4. 59 4. 9- 3. 00 0.104 A 0.975
Uio
I pm p 0.97"
2
b-i-1Vbb J..b 35 60. O 4. 41 79. E 2. 99 1.60 A 0.972
(iu:WU am B 0. 984
2
b-<:-i!/bb 1.6 68* 60. 0 4. 43 79. fc 2. 99 1.60 A 0. 966
Il ~:uu noon)
B 0. 980
i-i-iabs 1.0 5b* 60. 0 4. 46 79. 6 2. 99 1.62 A 0. 965
u:uu pnij . 0. 977
A
7-17-i »b5 0.0 NA 60. O O. OO O C 3. O 0.0 0.976
Ui :uo am
7-17-iiibb 0.0 40** 60. 0 O. OO O C 3. 02 0.0 0.976
li):Ud pni)

*

** operated previously at 6.4 ppm
i Corrected tor “"zero drift."

2 Corrected for blank val ue.

then purged for this tine.

Condi tioning included continuous operation fromprevious "run," approximate 5 mn period without injection,

and further condition
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Table B-4. Results summary, Evaluation of the Generation System

Ceneratioi "Run" code
Nom nal Replicate Cal cul at ed Sanpl e Sanpl ed Conbi ned Cal cul aF ed
f or mal dehyde " Run" gener at ed code f or mal dehyde generation . genfergt ion
concentrati on nunber f or mal dehyde concentrati on, and col | ection efficiency, **
level , ppffi concentration, ppnt efficiency, % %
ppnt
0.0 0.0 A 0. 028 NA NA
0.0 A 0.0 NA NA
0.1 1 0. 0991 A 0. 076 77 80
B 0. 075 76 79
2 0. 103 A 0. 082 80 83
B 0. 079 77 80
3 0. 104 A 0. 085 82 85
B 0. 088 85 89
0.4 1 0. 403 A 0. 357 88. 6 92.3
B 0. 337 83.6 87.1
2 0. 399 A 0. 355 89.0 92.7
B 0. 360 90. 2 94.0
3 0. 404 A 0. 357 88. 4 92.1
B 0. 343 84.9 88. 4
1.6 1 1.60 A 1. 44 90.0 93.8
B 1.38 86. 2 89. 8
2 1.60 A 1.42 88.8 92.5
B 1.38 86. 2 89.8
3 1.62 A 1.32 81.5 84.9
B 1.34 82.7 86. 1
6.4 1 6. 50 A 5.32 81.8 85. 2
B 6.12 94.2 98.1
2 6. 36 A 5.70 89.6 93. 3
B 5.70 89. 6 93.3
3 6.41 A 5.70 88.9 92.6
B 5.59 87.2 90. 8

* Corrected .o Standard conditions (25°C, 760 mmHg)

** Based upon a collection efficiency under these sanplin% condi tions of 96%
(See Part VLB.4 for a discussion of this documented collection efficiency)
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Table B-5. Summary Statistics for Results,

System

Nunber of val ues

Al 1 dat a =24
All data excl udi ng

O. 1-ppm | evel 1
1- ppm | evel

. 4A-ppm | evel

6- ppm | evel

® B 0 O
o o 0 o0 o

.A4-ppm | evel

Eval uati on of the CGeneration

Conbi ned generati on and
coll ection efficiency

Mean

85%

87. 3%

80%

87. 5%

85. 9%

88. 6%

Sanpl e standard devi ati on

4. 8%
3. 4%
3. 5%
2. 6%
3. 3%

4. 0%
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Figure B-1. Additional Summary of the Results, Evaluation of the Generation

System
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The purpose of the nested ANOVA was to test for variation in the
data associated with concentration |evel (the main effect), and
with "rtin" nunber within concentration levels (the nested effect).

More specifically, the nodel tested for significant differences in
conbi ned (generation and collection) efficiencies between

concentration | evels and between "run"-nunber levels within
concentration |l evels. The ANOVA did not test for differences
bet ween overal |l "run"-n\nber |evels because, as noted previously in
this Appendi x, they have no physical neaning (since generation
"runs" sharing the same ntinber have nothing but the ntmber in
common). Also, as discussed previously, it could not test for
differences between sanple-code ("A" or "B") level (which could
i ndicate differences between sanpling ports "A" and "B" in the
experimental apparatus) because this is the [owest level in the
design; variation in the data due to differences between these
| evel s woul d be included in the error term as would variation due

to sanpling and anal ytical inprecision, or any other tinknown

vari abl es.

Tabl e B-6 contains the ANOVA table fromthis analysis. The
conbi ned (generation and col | ection) efficiencies are used in the
calculations in place of the calculated generation efficiencies
(these quantities are, of course, proportional) for convenience and
because the form”r are in fact what were actually neasured. As
shown ixx Table ''.5, Llie conponent of variation associated with the
generation "run" nunber (within the concentration |evels) is not

significantly greater than that associated with the error
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Table B-6. Analysis of Variance (ANOVA) of Results, Evaluation of
CGeneration System

Sour ce Degrees of Freedom Stmi of Squares f value
Concentrati on 3 0. 02950500 6. 95
Run(concentrati on) 8 0. 01131600 1.43
r r or a = 0. 01184900

r~ = 0.775033 C.V. = 3.6817% Combi ned efficiency

mean = 0. 85350000

t he

p val ue

0. 013
0.277
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term(p = 0.277). However, the conponent of variation associated
with concentration level is significantly greater (p = 0.013) than

t he conbi ned conponent of variation associated with error and with

"rim nunber within concentration |evels.

The latter finding, nmore sinply stated, is that there is variation
significantly associated with concentration [evel, indicating that
one or nore concentration | evels have conbi ned efficiencies that
are significantly different fromthat of the remaining | evels. The
former finding, nore sinply stated, is that there is no variation
associated with "run"-nunber within concentration |evels,
i ndi cating good "r\ni-to-"run" reproducibility. The ANOVA table
i ndi cates a coefficient of variation (C.V.) of only 3.7% The C V.
is associated with the error term (which, as noted earlier in this
Appendi x, includes variation in the data due to differences between
sanpling ports "A" and "B" in the experinental apparatus, sanpling
and anal ytical inprecision, or any other unknown variables), and
this | ow value indicates that variation due to these itens is
smal |, giving very good overall precision. It should also be noted
that an exam nation of the data in Table B-4 reveal s no apparent
differences in conbined efficiency associated with sanple-code ("A"
or "B") level, so the sanple ports to which these codes refer are

unlikely as a source of systematic error.

To determ ne which concentracion | evpl Cs) showed significantly

di fferent conbined efficiencies fromthose of the other |evels, the

mul tiple conparisons test was enployed. The conbined efficiency at


NEATPAGEINFO:id=637589AE-1238-47D0-A9B8-8156B8F95521


209

the 0. 1-ppm nominal level differed significantly (p < 0.05) from
those of the remaining three levels. The conbi ned efficiencies for
the other three levels do not vary significantly in this way.

Thus, the conbined (generation and collection) efficiency is
significantly reduced at the 0.1-ppmconcentration |evel. As shown
in Table B-5, the efficiency at the 0.1-ppmnomninal level is only
80% which is over 8%l ess than the 87.3% figure for the 0.4- to
6. 4-ppm | evel range. This exceeds the 5% miximumfor this
difference that was chosen in the design phase of the eval uation
(see Section 1 of this Appendix). This is a substantial difference
because a very high generating precision with predictable accuracy
is required if the generation systemis to be adequate for use in
the collection efficiency study; this finding instead indicates a

| ack of these qualities at the | owest concentration

At this point, consideration was given to testing for the presence
of a significant trend in the data by determining if the |line of
best fit for a plot of the conbined (generation and collection)
efficiencies for each generation "run" against the noninal
concentration levels has a significant slope (nore specifically
this test would deternmine if the slope of this |ine were
significantly different fromzero). Trends in the data first were
visual ly exam ned by consulting Table B-5 and Figure B-1. A strong
di choto-ny was '“een between the O -ppmconcentratjjn lev® and all
other rjiicentration levels in terns of conbined efficiency, rather
than any indication of a gradual decline of conbined efficiency

with concentration level. Although a gradually sloped |ine would
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appear to fit the plot in Figure B-1, if the 0.1-ppmlevel points
were renmoved, a very flat response would be seen (especially if one
point [1.6 ppm 82.1% is nonmentarily ignored as appearing to be a
possi bl e outlyer) through the renmi ning concentration range of

0.4 to 6.4 ppm There are no data between the 0.1- and 0. 4-ppm
levels to indicate whether there is a gradual decline in efficiency
fromthe 0.4-ppmlevel down to the 0.1-ppmlevel and below, or to
i ndi cate the shape of the curve describing the decline. Therefore,

instead of formally testing for trends in the overall data as
descri bed above, it was decided to elininate the data at and around
the 0.1-ppmlevel as having unacceptably reduced efficiency, and to
sinply not use the generation system bel ow the 0.4-ppm | evel known

to be in the apparent region of flat response.

Table B-5 and Figure B-1 were again exam ned for the presence of a
significant trend in the remaining data (for the 0.4- to 6.4-ppra
range); the conbined efficiency level is very flat throughout this
range, as noted in the previous paragraph, and no formal testing to

verify this was consi dered necessary.

As di scussed in Part VLB. 4, the collection efficiency of the
met hod under the sanpling conditions used has been found to average
96% |If the generation efficiency of the systemwere 100% the
conbi ned affidency woit]<? g"TPPe 96% The results above document
a mean value of only 87.3% C .ur the concentration range 0.4 to
6.4 ppmy. Using Student's t-test, the latter was found to be

significantly less than the former (p < 0.05). The nean bias, or
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average generating efficiency, is 91% (found by dividing the mean
conbi ned efficiency by the calculated collection efficiency) in

thi s range.

Concl usi ons and Recommendati ons

The followi ng concl usions about the generation system performance

wer e r eached:

1. Precise, reproducible concentrations of fornal dehyde vapor,
equal I i ng about 91% of the cal cul ated concentration, can be

generated using this generation system

2. An exception to the above statenent nust be nade when | evels

around 0.1 ppmare desired, as |ow generator efficiency occurs

in this range.

3. Losses of formal dehyde vapor in the system due to wall effects
becom ng quantitatively inportant at the | owest |evels, nust be

suspect ed.

The followi ng are recomendati ons regardi ng the use of the

generation system and further work indicated fromthis part of the

st udy:

1. The generation system may be used to produce formal dehyde vapor

concentrations of 0.4 to 6.4 ppmfor collection efficiency
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studi es of the aqueous bisulfite inpinger nmethod at i 1 L/mn

and/or 2 1 hr

2. Further work is needed to determ ne the source of the | owered

generator efficiency in the 0.1-ppmrange.
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Appendi x C. Raw Data
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laole L. Raw uau

Uate Rur code Condi tioning Sanpling Measur ed- | njection Generation Cal cul at ed
I timeJ of ] ~ elapsed tinme and injection solution system gener at ed
generation nomi nal noni nal nom nal replicate mn neasur ed- vol ume, concentration volunetric concentration
"run" sanpling formal dehyde sanpling "run injectior. uL of gas of
time, concentration flowate, number el apsed formal dehyde, flowate, fornmal dehyde, f
hr level, ppmL/nmn time, ng/nmL std. L/nin ppir st
mn

u 4 (.1 34 60.0 4.43 20.0 3.00 0. 401
U Ui am

u. 4 0.5 32* 60.0 4. 44 20.0 3.00 0. 402
(i:uu pnm

3.4 Ul 45 60.0 4.5C 170 3.00 3. 46
(4:U0 pm

3.4 0.5 16> 60. C 4.5C 170 3. 00 3.46
I'b:i O pm
0-i7-11%bi) 3.4 I.t) 50 60.5 4.4C 170 3.00 3.36
{H:u{j am
0-i"/-1i(bb b. 4 39 60.1: 4417 319 3.00 6.4/
I'1i::uu noon)
b-27-11*ilb 6.4 0.1 17« 60. [ 4.46 319 3.00 6.44
I~ QU pm
b-i 7-1i*bb e.4 ob 18» 60. 0 4.5C 319 3.00 6. 49
tliuu pm
7-11-1i*bb 3.4 ob 1 51.5 i F- 170 3.00 ol47
1 'bi UO pm
?-i-1i/bb u. 4 0.1 30 229.0 It.84 20.0 3.00 0.399
U::3(J pm
7-j-11(bb u 4 0.5 30 245. L 17.7f 20. C 3.00 0.393
(!'>:W am
7-3-i9fab u.4 ob 5% 226.C it-.e- 20.0 3.00 n. 406
(i:Uj pn.)
?-b-ii «bb c4 Qo 30 224.1 10. 45 20.0 2.99 0. 40C
13:3U pm
7-i>-i Si bo 3.4 0.1 43 222.C 16. 33 170 2.99 3.40
U: UO pm
y-iUii)bb 3.4 0.3 40 226. 6 It.71 170 2.99 3.39
l.y:"H anm
7-10-1iibb 3.4 0.3 1* 235.0 17.33 170 3.00 3. 40
(i:uW pm
7-11-198b 3.4 ob 29 222.5 16. 32 170 3.02 3.36
117:30 pm
7-ib-11*bb b. 4 0.5 44 223.0 16. 67 319 3.00 6.47
uuw pm
7-ic-i! (b5 3.4 0.1 51 228.0 16. 39 170 3.01 3.31
(9:3u am
7-ib-1i (bb b.4 0.1 5» 224.0 16. 32 319 3.02 6.27
("Ug pm
7-17-1S*bb b. 4 0.3 39 223.0 16. 08 319 3.02 6.20
U 1JU pm

*

Londi tioning included continuous operation fromprevious "run," approximte 5 nin period without injection, and further condi
i torrected tor "zero drift."

n Corrected tor blank val ue. 7
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Appendi x D. Calibrations and O her Measurenments of Equi pment Paraneters
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This appendi x is divided into three sections. The first contains
descriptions of the procedures used to calibrate and/ or nake ot her
measur enents of equi pment paraneters (except for the devel opnent of
t he spectrophotoneter standard anal ytical curve, which is covered in
Section |I.b of Part VLB in the nain body of this report, and
suppl enented i n Appendi x A). The second section provides the
equations used to make the cal culations relevant to these procedures,
and the third provides specifications for the equipnent and materials

used exclusively for these procedures.

Descriptions of Procedures Used

- Sanpling Punp Calibration

The volunetric air-flow rate of each sanpling punp was neasured before
and after each use using a bubble tube and conventional industri al
hygi ene fi el d-saunpling techni que. The anbi ent tenperature and
pressure were measured during each calibration check, and were used to
correct the neasured flowate to standard conditions (1 atm 25 G.
Refer to equation (1) for the correction cal culation used. The
sanpling ptmips used are designed to naintain constant flow even when
pressure changes occur, so it is unnecessary to account for slight

differences in pressure between calibration (anbi.eut) unA actual use.
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- Rotaneter Calibration

The rotaneter was calibrated by directing pressurized carrier gas
(purified nitrogen) through the rotaneter to a bell-type spironeter.
Constant volunetric flow was mai ntai ned by adjustnent of a valve
upstream fromthe rotaneter to keep the rotJinmeter ball steady. The
vol une of gas introduced to the spironeter and the el apsed tine were
used to calculate the exact flowate. The tenperature and absol ute
pressure (at the rotaneter ball) were recorded, and used to correct
the neasured flowate to standard conditions. Refer to equation (2)
for the correction cal culation used. This procedure was replicated

three tines at each ball setting neasured.

- Mass Flowneter Calibration

The mass flowreter was calibrated by directing pressurized carrier gas
(purified nitrogen) through the nmass flownmeter to a soap-bubbl e
meter. Constant volunetric flow was nai ntai ned by adjustnent of a
val ve upstream fromthe mass fl oweter to keep the mass fl owreter
i ndi cat or needl e steady. The anbi ent tenperature and absol ute
pressure were recorded, and used to correct to standard conditions the
measured vol ume of gas noved through the soap-bubble neter. Refer to
equation (3) for the correction calculation used. The corrected
vol ume of gas racved tiircv' gh tn'' s'~T-bubble neter and the el apsed tine
were used to cal cuxcice the exact corrected flowate. This procedure

was replicated at least three tinmes at each needl e setting nmeasured.
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- Syringe and Autonmtic Pipette Calibrations

The syringe and automatic pipette were vol ximetrically calibrated using
simlar procedures. Indicated voliomes of filtered/distilled water
were carefully discharged into tared weighing trays, and the wei ght
change was neasured so that the true mass coul d be determ ned. The
anmbi ent tenperature was neasured so that the density of the water
could be precisely stated from published data (134), and the mass and
density were used to calculate the true discharged volime. Correction
factors were devel oped for each device that did not have exactly equa
i ndi cated and actual volume discharges. An anal ytical bal ance was
used to make the wei ght neasurenents for the automatic pipette
calibrations, while a mcro anal ytical balance was used to make the

wei ght measurenents for the syringe calibrations.
- I mpi nger Nozzl e-to-base Di stance Measurenent

The di stance between the tip of the nozzle and the base of the
i npi nger was neasured for ntmerous conbinations of unmatched stems and
vials fromthe supply available for use. Several conbinations were
found to have a measurement of 5.0 nmmfor this dinmension; only these
were used to collect air sanples for this study. The distance between
the nozzle tip and the base for a given set was determ ned by the
insertion of ?. vixs int" *-"e inpin*P' - ""tcrs rntil it stopped agai nst
the base of the inpinger. The wire had b*eu marked w th graduations
in the formof notches at regular intervals by using a mcrometer, and

the distance was determned by observation through the glass inpinger


NEATPAGEINFO:id=C77F0A0E-A9C2-43F1-B2DA-7FE53FCD7771


219

- Spectrophot onet er Performance Check-out Procedures

The Beckman Mbodel 25 Spectrophotoneter performance was checked
initially, and quarterly thereafter, in accordance with the Becknman
I nstructions (105). Proper performance was verified by checki ng out

t he wavel ength calibration, absorbance accuracy (or span), and

photonetric linearity.

The wavel ength calibration was checked by using a hol miumoxide filter
as a wavel ength standard. Holmtm oxide glass has a nunber of sharp
absor ption bands which occur at precisely known wavel engths, which are
published in the Instructions. A conparison of these wavel engths (and
the all owabl e tol erances around each) with the indicated (by the
instrtment) wavel engths of the absorbance peaks was made by manual |y
scanni ng t he wavel engt hs using the Wavel ength Control. The instrunment

was found to be within specified tolerances initially and at quarterly

interval s.

The absorbance accuracy was checked by using Standard Reference
Materials (SRM 930 filters. Each of the three stable,
neutral -density filters in the SRM 930 set, for which absorbance
certification is provided by the National Bureau of Standards (NBS)

was used to verify the absorbance accuracy at a specific absorbance
value for each of four differciit wavel engths. The i ndi cat ed
absorbance for each filter at each wavel ength was conpared to the
rel evant certified value provided by NBS for the specific filter set

(each set is unique). Each indicated value Initially was found to be
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very close to the relevant certified value (no tolerance linits were

provi ded, however), and, nore inportantly, the val ues showed al nbst no

changes (and no trends eunong the changes) at quarterly intervals.

SRM 930D Set 641 was used for these tests.

The photonetric linearity was checked usi ng known-concentrati on
sol utions of potassiumchromate (K*CrQO.) in aqueous 0.05 N
pot assi um hydr oxi de (KOH). The absorbance of each sol uti on was
measured at 370 nm (using the absorbance of plain 0.05 N KOH as the
reference), and these val ues were plotted agai nst the concentration
val ues. ldeally, the plot would be perfectly linear; the actual plot
was very close, with a very slight deviation fromlinearity at the
hi ghest concentration | evel. The performance was judged to be

acceptable (no specific tolerance linmt was provided in the

I nstructions).
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Cal cul ati ons

- Sanpling Punp Calibration - Correction to Standard Conditions

FT P . 298. 15K

CB:CH'A"A:CH_ ....................... (1).

Ps T 406.7 in RO . T

where Q' is the measured flow rate at anbient conditions, Pj*

I's the anbient pressure, and the other variables and constants
are defined in Appendix F.

(Derived fromideal gas |law [108])

Rot anmeter Calibration - Correction to Standard Conditions

P T U2 P . 208.15k 1 1/2
_q RS -q R (2),
|Ps TrJ 406.7 in 2O . Tr

where the variables are defined in Appendix F

(Rot amet er equation [108])

- Mass Flowreter Calibration - Correction to Standard Conditions

P T P . 298. 15K
N

Vs =Va -"2 =Va B--vmmnn-- (3),

where V* and Vs are the volvimes at anbient conditions and
corrected to standard conditions, respectively, PMis s

defined as for equation (1), above, and the other variables and
constants are defined in Appendix F.

(1 deal gas |aw)
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Speci fications for Equi pnrent and Materials Used

Table D-1 provides specifications for the equi pnent used excl usively

for these procedures, as does Table D-2 for the materials.
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Table D-1. Specifications for the Equi pnent

Item
Spi ronet er,
bell type

M cro Anal yti cal
Bal ance

Hol mM um oxi de
glass filter

SRM 930 filter set

Bubbl e tube, Itrge

Bubbl e tube, snall

Manuf act urer,
Model Nane and Nunber

Aneri can Meter Conpany

Metier Instrunents

Corp., Model AE 163

Beckman | nstrunents,
Inc., Part No. 96157

Nat i onal Bur eau of

St andards, Certified
St andard Ref erence

Materials (SRM 930D
filter set

Ki max

Kl max

used Exclusively in the Procedures of Appendix D

Si ze or
Measur enent
Range

150L

0 to 9.99999¢g

I OO

Seri al Speci fications
Nunber
4135 Correction factor: 0.993
C19902
MB50 Absorption peaks at follow ng wavel engths (nn):
279.3, 287.6, 360.8, 418.5, 453.4, 536.4,
637.5
______ Absor bance_ -
Wavel ength (nm); 440 465 590 635
1-641 1 018 0 962 1 083 1 052
2-641 0 697 0 659 0 741 0 720
3-641 0 534 0 497 0 562 0 556
d ass
d ass
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Table D-2. Specifications for the Materials used Exclusively in the Procedures
of Appendi x D

Il tem Speci fi cati ons

Pot assi um hydr oxi de I ngredi ents: "Baker Analyzed" A C S. Reagent
sol ution, aqueous 0.05N G ade KOH (Lot 260684); filtered/distilled water
(KOH)

Pot assi um chronmat e Concentrations: 8, 16, 24, 32, and 40 ng/L of
solutions (K2Cr04) 0. 05N KOH Sol uti on.

Ingredients: MCB A C.S. Reagent Gade K2Cr04
(Lot 4222); 0.05N KOH Sol ution
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Appendi x E. NI OSH Met hod 3500 (45)
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FORNMAL DEHYDE
FORHULA: H2C=0; CH20

METHOD: 3500

n.W = 30.03 | SSUED: 2/ 15/ 84
CSHA: 3 ppm C 5 ppm P 10 ppm PROPERTI ES: gas; BP -19.5 "G,

NI OSH: | oMest feasible level [1] vapor density 1.067 (air = 1.00);

ACGH C 2 ppm explosive range 7 to 73 %v/v in air

(1 ppm=1.23 ng/m* @ NTP

SYNQNYHS: et hanal ; CAS «50-00-0; formalin (aqueous 30 to 501 w'v HCHO).

SAMPLI NG MEASURENMENT
SAMPLER:  FI LTER®# | HPI NGERS ' TECHNI QUE: VI SI BLE ABSORPTI ON SPECTROPHOTOVETRY
(I -pm PTFE net nbrane and 2 !
i npingers, each with 20 m_ It I ANALYTE: formal dehyde

sodi um bisulfite solution) !
SAMPLE WORKUP: note liquid volume; renove 4-nL

FLOWRATE: 0.2 to 1 L/min ! al i quot
VOL-MN. 2 LA™ 1ppm ANALYSI S: col or devel opment (chronotropic acid *
-MAX: 100 L sul furic acid); absorbance @580 nm
SHI PMENT: transfer saiples to CALI BRATI ON. sol utions of formal dehyde in
bottles before shipping distilled water
SAMPLE STABILITY: 30 days ? 25 "C RANGE: 2 to 40 pQ per sanple
BLANKS: 2 to 10 field blanks per set ESTI MATED LOO. 0.5 yg per sanple [2.3]
ACCURACY PRECI SION (Sp): 0.03 [2]

RANGE STUDIED: 100 to 600 >i g per sanple [2]

BI AS: none identified

OVERALL PRECI S| ON (s"): 0.09 [2]

APPLI CABI LI TY: The working range is 0.02 to 0.4 ppm (0.025 to 0.5 ng/m) for an 80-L air
saiqgple. This is the most sensitive formal dehyde nethod in the NI OSH Manual of Anal ytical
Methods and is able to neasure ceiling levels as lowas 0.1 ppm(15-L sanple). It is also
preferred for the determnation of formal dehyde in area sanples at all concentrations due to
its simplicity.

| NTERFERENCES: Phenol's, in &fold excess over formal dehyde, produce a -101 to -201 bia« [41.
Et hanol and higher MW 7" err»Kol®, olefins, aromatic hydrocarbons [5] aiiu cyclohexarw ne also
prtKiuce small negative interferences [4]. Little interference is seen fromothe.' aldehycfag fj].
OTHER METHODS: This method was originally adapted fromthe Intersociety Committee [6] and
designated PSCAM 125 [4]. For personal sanmples or where interferences to this method are
present, use Method 2502.
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FORVAL DEHYDE METHCD: 3500

REAGENTS: EQUI PVENT:
1. Chronotropic acid,It. Dilute 0.10 g 1. Sanpler: 37-nin filter cassette with 37-nin
4, 5- di hydr oxy- 2, 7- napht halene pol ytetrafl uoroethyl ene (PTFE) nenbrane filter, 1-
di sul fonic acid disodiumsalt to to 3-vmpore size followed by two midget
10 mL with distilled water. Filter. i npingers; inert, flexible tubing for
Store in brown bottle. Prepare cassette-to-inpinger connection.
fresh weekly. 2. Personal sanpling punp, 0.2 to 1 L/nin, with
2. Sulfuric acid, Wb+ flexible connecting tubing.
3. Fornal dehyde stock sol ution, 3. Bottles, screwcap Nal gene CPE, 50-ni.
1 ng/mL (See APPENDI X) . 4. Spectrophotoneter, visible, 580 nm
4. Formalin solution, 37%* 5. Volunetric pipettes, 0.1-, 0.5-, 1-, 4-, 5-, 6- and
5. Distilled, deionized water. 10-m; 1-, 2- and 5-nL, graduated in 0.1-nL
6. Sulfuric acid, 0.02 N, aqueous. units, with pipet bulb.
7. Sodi um hydroxi de, 0.01 N, aqueous. 6. Volumetric flasks, 10- and 100-ni, and 1-L.
8. Sodiumsulfite, 1.13 N, aqueous. 7. Burets, 50-nL.
9. Sodiumbisulfite, 11. Dissolve 1 g 8. pH neter.
9

indistilled water. Dilute to . Pipettes, 2-inL, disposable, with pipet bulb.

100 mL. Prepare fresh weekly. 10. Spectrophotoneter cuvettes, 1-cm
11. Flasks, glass-stoppered, 25-ni.
*See Special Precautions. 12. Graduated cylinder, 25-ni.

13. Waterbath at 95 °C.

14. Magnetic stirrer.
15. Beaker, SO-fll.

SPECI AL PRECAUTIONS: Sulfuric acid is extremely corrosive; handl e while wearing acid-resistant
gloves, apron and full face shield with goggles.

Formal dehyde is viewed as a potential carcinogen by NNOSH [1] and shoul d be handled in a hood.

SAMPLI NG

1.
2.

3.

4.

Calibrate each personal sanpling punp with a representative sanpler in line.

Fill the two inpingers for each sanple with 20 nL 11 sodiumbisulfite solution. Mke
cassette-to-inpinger and inpinger-to-sanpling punp conections with flexible, inert tubing.
Insert a second filter/cassette assenbly in |ine between the sanpler and sanpling punp to
trap any liquid which night splash over fromthe inpingers during sanpling.

Sanpl e at an accurately known flow rate between 0.2 and 1 L/min for a total sanple size of
2 to 100 L.

Transfer the contents of the inpingers to separate polyethylene bottles for shipping.

SAVPLE PREPARATI ON:

5.

Transfer each inpinger solution to a clean, dry 25-nmL graduated cylinder. Note vol une of
solution fromfront inpinger, Vi (nmL), backup inpinger, V* (ni), and blank inpinger,

Vg (m).

Pipetts ""Al".1 aliaucts from33ch sae solut*.?n into 25-nL gl ass-stoppered flasks.

NOTE; Adjust aliquot size to contain between 2 and 2C v9 formal dehyde for optinmum
absor bance.
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rei HOD: 3500 FORHALDEHYDE

CALI BRATI ON AND QUALI TY CONTROL
7. Prepare a calibration stock solution by dilution of 1 nL of 1 ng/nlL fornal dehyde stock
solution to 100 mM with It sodiumbisulfite solution.
8. Pipet, e.g., 0, 0.1, 0.3, 0.5 0.7, 1.0 and 2.0 nl calibration stock solution into 25-nL
gl ass- st oppered flasks.
9. Add 11 sodiun bisulfite solution to bring the volume of each working standard to 4 ni
NOTE: These working standards contain approximately 0, 1, 3, 5 7, 10, and 20 v>9
formal dehyde. Use the exact val ues based on standardization of the formal dehyde
stock sol ution.
10. Anal yze together with sanples and blanks (steps 12 through 15
11. Prepare calibration graph (absorbance vs. yg fornal dehyde/4 nl).

MEASUREMENT:
12. Add 0.1 mL 11 chronotropic acid to the flask and mix.
13. Add 6 nL cone. H2SO4 slowly to the flask. Replace the stopper gently. Gently swirl

the solution to mx.
CAUTI ON:  Exot hermi ¢ reaction.
14. Heat the solution to 95 "C for 15 nin. Cool the solution to roomtenperature.
NOTE: Use caution due to the corrosive nature of hot sulfuric acid and the possible
pressure buildup within the flask.
15. Read sanpl e absorbance at 580 nmin a 1-cmcuvette.
NOTE: |f absorbance is greater than the highest standard, take a smaller aliquot, dilute to
4 ml with 11 sodiumbisulfite solution, and anal yze.

CALCULATI ONS:

16. Calculate the mass, yg, of formal dehyde in each front inpinger (H), back inpinger
(H,) and average blank inpinger (Hg). Use the appropriate aliquot factor (e.g.
4 ml aliquot/original volunme fromstep 6) and the total sanmple volume noted in step 5.
NOTE: Discard the sanple if the mass found in the backup inpinger exceeds 1/3 the mass
found in the front inpinger. Collection efficiency is <0.95 for each inpinger
17. Calculate the concentration, C (my/m'), of formal dehyde in the air volume sanpled, V (L)

Cs¥ ¥ mM~""8 myine

EVALUATI ON OF THE METHOD:

The method was checked for reproducibility by having three different analysts in three .
different |aboratories anal yze standard sanples containing between 1 and 20 yg formal dehyde
The results agreed within + 5t [6]. This nmethod was independently conpared with the

2,4, -dinitrophenyl hydnazi n«-coatedsilica gel method of Beasley et al. over the range of 0.8 to
2.2 ppm formal dehyde [8] and was found to give approximately 2St |ower concentrations.In

anot her study conparing this method, PSCAH 318 [7], and the nethod of Beasley, et al., al
three methods were found to be statistically equivalent under |aboratory test conditions and
loadings from8.2 to 22.4 yg per sanple of formal dehyde [9}.
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FORVAL DEHYDE METHOD: 3500
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METHOD REVI SED BY: Eugene R Kennedy, Ph.D., M OSH DPSE.

APPENDI X:

PREPARATI ON AND STANDARDI ZATI ON OF FORMALDEHYDE STOCK SOLUTION (ca. 1 ng/nil)

Dilute 2.7 mL 371 formalin solution to 1 L with distilled, deionized water. Standardize as
foll ows:

Place 5.0 nL 1.13 Msodiumsulfite solution in a 50-fflL beaker, stirred with a magnetic
stirrer. Adjust pHto between 7 and 9 with base or acid. Record the pH Pipet 10.0 nL stock
formal dehyde solution into the beaker. The pH shoul d now be about 12. Titrate the solution
back to its original pHwth 0.02 Nsulfuric acid. (1 nL of 0.02 N sulfuric acid = 0.600 ng

HCHO, about 17 nL acid needed.) Calculate the concentration. C3 (mg/ni),.of the stock
f or mal dehyde sol uti on:

30. O»[ (t™\ ™) - (1fc")i)]
Vs

where: 30.0 » 30.0 g/equival ent of formaldehyde
Ng = nonnality of sulfuric acid
V" s volume of acid (m) used for titration
Nt, - normality of NaCH
V|j = volume of NaCH (nl) used for back titration
Vs = vol ume of HCHO stock solution (10.0 ni).
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Fornmal i n Sol uti on For mal dehyde Concentrati on

I njecti on Sol uti on Fornmal dehyde Concentrati on

Up
(YHCHQ ng/ni) = (yp, nmy/ni)
"[solution, total]

Total Volunetric Gas Flovrate through Rotaneter;
Correction to Standard Conditi ons

P 12 406.7 inHoO. T Y?
Q= =
Pr Tc Pr . 298.15K ~
P T P . 298. 15K
& =Q -~ =Q & o
Ps Tr 406.7 in H0 . Ta

* Rot aneter equation (108)
** Derived fromideal gas |aw (108)
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Cal cul at ed Gener at ed Formal dehyde Concentrati on

| O'ppm
("HCHO» PP"i) = YyRCHO . i-AA |, AAAAA M)
parts/ part 30. 05¢ gnol "air[tot] e« t

Mass of Col | ected Fornmal dehyde. Total in (one) | npinger

"oHCHOG npinger) = "»HCHQ(aliquot) «  AAAAAAM

"al i quot

Sanpl ed For mal dehyde Concentration

| O'\ppri
(AHCHO PP" |) - " HCHO 1 gnol 24. 465L
parts/ part 30. 05¢g gnol "air e t
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NOVENCL ATURE

Var i abl es

rajjQjo = total mass of fornal dehyde collected in sanple

"MHCHOCal i quot) = mass of formal dehyde in an aliquot of sjinple solution
""" HCHO( i npi nger) = 'L%Sn%&f formal dehyde col I ected in one inpinger of a

Pij = pressure (absolute) "seen" by rotaneter bal

Q=wvoliinetric flowrate, rotaneter

Q, = volumetric flowrate, nomnal fromcalibration curve

Q = volunetric flowrate, corrected to conditions at rotanmeter bal

B =volimetric flowrate, rotameter, corrected to standard conditions
t = sanpling tine

TA = tenperature, anbient

Tjj = tenperature "seen" by rotaneter bal
= Ta

u =voltme

"air s = flowrate of air, each sanple (at standard conditions)
= Qy of punp, corrected to standard conditions

"air tot ~ total air flowrate at standard conditions
= & + Quss flowreter,s

Up = voltme of Formalin used (in solution of interest)

UEnj = injection volune

Xjjcjjo = concentration of formaldehyde in air

yp = Formalin solution formal dehyde concentration, nass-to-volume
YHCHO ~ injection solution mass-to-vol ume concentration

["p - densit-wof tor”alin solution, mass-to-volume * , *
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Const ant s

[MW|JJCIIO = rml ecul ar wei %ht of formal dehyde
0. 05 g/ gnol

Pj; = pressure, rotanmeter calibration curve
S

Pg = Standard pressure
= 406.7 in H0 = 760 mrHg

T(. = tenperature, rotameter calibration curve
= Ts

standard tenperature
298. 15K = 250c¢

|dg%l34?as (6 273.15K[0CC], 1 atm

f
m
nr%/ mol |de51 Z?babs Ltagr%tg)l8 (13e |ve rom

deI Gas Law)

Subscri pts

aliquot - refers to the portion of a sanpling solution used in the
anal ysi s

234

inpinger - refers to either the primary or back-up inpinger used in a

sanpl e
C - calibration-curve conditions

R - rotaneter-ball actual conditions
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