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November 12, 1982

Stephen Higgins
Acting Director
Bureau of Alcohol,
and Firearms
Department of the Treasury
1200 Pennsylvania Avenue, N.W.
Washington, D.C. 20226

Tobacco

Re: Use of Polyvinyl Chloride (PVC) for Manufacturing

Plastic Ligquor Bottles

Dear Mr., Higgins:

On November 3, 1982,
an Environmental Assessment
for use in liquor bottles.

a response to Comments that

the Department of Treasury released
of polyethylene terephthalate (PET)
Page 13 of the Assessment contains
we filed on behalf of our client,
The Society of the Plastics Industry, Inc., that polyvinyl
chloride (PVC) also be approved for liquor bottle use. The
reply states that ATF does not intend to address the use of PVC
for manufacturing liguor bottles until there is clear evidence
that FDA sanctions the use of PVC for such an application. We
are writing at this time to request that you address a new in-
gquiry to the Commissioner of Food and Drugs regarding the status
of PVC for packaging distilled spirits.

FDA last commented to ATF regarding this issue in a
letter dated January 13, 1981, from Richard J. Ronk, Deputy
Director, Bureau of Foods. In that letter FDA indicated that
it was reassessing its policies regarding indirect additives
largely because of the recent court decision involving acrylo-
nitrile bottles (Monsanto v. Kennedy, 613 F.2d 947 (D.C. Cir.
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1979)). On April 2, 1982, FDA announced a significant new
policy regarding "constituents" in packaging materials. 47
Fed. Reg. 14464. The notice specifically refers to residual
vinyl chloride monomer as the type of "constituent" that would
be covered by the policy. The Notice also stated that FDA would
implement the policy on a case-by-case basis as administrative

needs reguired.

On August 31, 1982 Gerard L. McCowin, Director, Division
of Food and Color Additives, Bureau of Foods, wrote to me stating,
"we wish to develop proposals, utilizing the constituents policy,
to initiate final action on the food-contact use of ...vinyl
chloride polymers." In this connection, Mr. McCowin asked for
information on residual vinyl chloride levels and markets for
PVC to enable FDA to make calculations from an actual data base

rather than by using estimates.

We have now provided FDA with information (a) showing
the industry can provide PVC bottles suitable for packaging
distilled spirits with a residual vinyl chloride level that
does not exceed 10 parts pér billion and (b) demonstrating that
migration of vinyl chloride to the contents of such bottles
will not exceed the upper limit established by the application
of the constituents policy. Thus, in our opinion, FDA should
now be in a very sound position to make a clear statement that
the use of PVC bottles with an appropriately low residual vinyl
chloride level is suitable for packaging distilled spirits.

As you may be aware, ATF already has a substantial amount
of data in its files regarding the suitability of PVC as a liquor
container. A petition requesting that ATF approve polyvinyl
chloride (PVC) for liquor bottle use was filed by SPI on January
22, 1980. On June 5, 1981, you requested the submission of new
sample bottles for storability testing. The reguested samples
were hand-delivered to Dr. Charles Midkiff at ATF National
Laboratory on August 24, 1981. 1In light of this background, we
would hope that you will have everything necessary to make a
suitability determination regarding PVC for use as a liquor
bottle once FDA affirms the satisfactory status of this plastic
from a health standpoint.
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We would greatly appreciate your prompt attention to
this matter.

Very truly yours,

‘“//“1/& /)/ {/:'/da/"

;// Jerome H. Heckman

Dr. Arthur Hull Hayes, Commissioner of Food and Drugs
Dr. Sanford Miller, Director, Bureau of Foods
Mr. Richard Ronk, Deputy Director, Bureau of Foods
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I}\\{ ] WDEPARTMENT OF
[H]THE TREASURY

F
ﬁﬂ 0 Bureau of Alcohol, Tobacco and Firearms

Washington, D.C. 20226
Polyethylene Terephthalate Liquor Bottles

Number g o _ Date

Proprietors of Distilled Spirits Plants, Importers and
Others Concerned:

Purpose: The purpose of this circular is to
inform you of a forthcoming ATF Ruling concerning the
approval of polyethylene terephthalate containers for
bottling distilled spirits. The ATF Ruling will read
as follows:

The Bureau of Alcohol, Tobacco and Firearms has .
been requested to approve the use of polyethylene
terephthalate (PET) as a suitable material for the
manufacture of liguor bottles.

Section 5301(a) of Title 26, United States Code,
provides that the Secretary may regulate the kind of
containers designed or intended for use in the sale
of distilled spirits. Sections 19.11, 194.11, 250.11
and 251.11 of Title 27, Code of Federal Regulations,
provide for liguor bottles to be made of glass or
earthenware or of other suitable material approved by
the Food and brug Administration, which has been
designed or is intended for use as a container for
distilled spirits for sale for beverage purposes and
which has been determined by the Director to adequately
protect the revenue.

The Bureau is aware of the need to recognize
advancing technology which provides materials adaptable
or developed for packaging distilled spirits. At the
same time, the Bureau is aware of its responsibilities
for protecting the Federal excise tax revenues, as pre-
scribed by the Internal Revenue Code (Title 26, U.S.C.,
Chapter 51); for insuring an orderly marketplace, in
accordance with the requirements of the Federal Alcohol
Administration Act (Title 27, U.S.C., section 205(e));
and for protecting the environment, pursuant to the
National Environmental Policy Act (Title 42, U.S.C.,
section 4332).
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The Bureau recognizes that, in some minor
instances, a proof gain of up to two degrees of proof
per vear (and a corresponding water volume loss) may
occur. However, this effect can be minimized by
avoiding high storage temperatures, by imsuring that
the wall thickness of PET containers is uniform, and
by insuring market turnover. In any event, ATF has
concluded that this characteristic of PET packaging
poses no jeopardy to the revenue because the taxable
commodity, the alcohol, does not travel through the
package wall, The quantity of alcohol does not change
between the time of bottling and the point of tax
determination. Therefore, it has been determined that
the use of PET for liquor bottles provides adegquate
protection to the excise tax revenue and is a suitable
material for this use,

The consumer obtains the same amount of alcohol
contained in the product at the time of bottling, since
only water is lost. Since the same amount of alcohol
is contained in the product with only a very minor, if
any, increase in proof, the label on the product pro~
vides adequate information to the consumer regarding
alcohol content.

In accordance with the requirements imposed by the
National Environmental Policy Act, the Bureau prepared
an assessment of the projected effect on the environ-
ment of PET liquor bottles. The conclusion reached on
the pertinent issues was that neither container use

nor disposal would have a significant environmental
impact.

Held, polyethylene terephthalate (PET) liquor
bottles conforming to the following specifications may
be used as containers for distilled spirits:

(1) The bottles must be rigid or semi~rigid with
molded shape or design which cannot be altered by
pressure without damage to the bottle, and the
wall thickness of the bottle must be as uniform as
possible;

(2) The bottle must be manufactured in an approved
standard of f£ill; and
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{3) The material used to construct the PET bottle
must meet the Food and Drug Administration's health
and safety specifications for the packaging of
alcoholic beverages for consumption as promulgated
in the Code of Pederal Regulations.

Inquiries: Inquiries concerning this circular
should refer to its number and be addressed to the
Assistant Director, Regulatory Enforcement, Bureau
of Alcohol, Tobacco and Firearms, 1200 Pennsylvania
Avenue, NW,, Washington, DC 20226. Attention:
Commodity Classification Branch.
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PART II-A

27 CFR 19.11: MEANING OF TERMS (Ligquor Bottle)
(Also 194.11, 250.11, 251.11)

Polyethylene terephthalate (PET) containers are

approved for bottling distilled spirits when the

containers meet the requirements of the Federal

Alcohol Administration Act and the materials used to

construct the bottles meet Food and Drug Administration

specifications for the packaging of distilled spirits.

ATF Rul., 82- {2

The Bureau of Alcohol, Tobacco and Firearms has
been requested to approve the use of polyethylene
terephthalate (PET) as a suitable material for the
manufacture of ligquor bottles,

Section 5301(a) of Title 26, United States Code,
provides that the Secretary may regulate the kind of
containers designed or intended for use in the sale
of distilled spirits. Sections 19.11, 194.11, 250.11
and 251.11 of Title 27, Code of Federal Regulations,
provide for liquor bottles to be made of glass or
earthenware or of other suitable material approved
by the FPood and Drug Administration, which has been
designed or is intended for use as a container for
distilled spirits for sale for beverage purposes and
which has been determiﬁed by the Director to adequately

protect the revenue,




The Bureau is aware of the need to recognize
advancing technology which provides materials adaptable
or developed for packaging distilled spirits. At the
same timeée, the Bureau is aware of its responsibilities
for protecting the Federal excise tax revenues, as pre-
scribed by the Internal Revenue Code (Title 26, U.S.C.,
Chapter 51); for insuring an orderly marketplace, in
accordance with the requirements of the Federal Alcohol
Administration Act (Title 27, U.S.C., section 205(e}));
and for protecting the environment, pursuant to the )
National Environmental Policy Act (Title 42, U.S.C.,
section 4332).

The Bureau recognizes that, in some minor
instances, a proof gain of up to two degrees of proof
per year (and a corresponding water volume loss) may
occur. However, this effect can be minimized by
avoiding high storage temperatures, by insuring that
the wall thickness of PET containers is uniform, and
by insuring market turnover. In any event, ATF has
concluded that this characteristic of PET packaging
poses no jeopardy to the revenue because the taxable
commedity, the alcohol, does not travel through the
package wall. The quantity of alcohol does not change

between the time of bottling and the point of tax
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the use of PET for liquor bottles provides adequate

protection to the excise tax revenue and is a suitable

material for this use.

The consumer obtains the same amount of alcohol
contained in the product at the‘time of bottling, since
only water is lost, Since the same amount of alcohol
is contained in the product with only a very minor, if
any, increase in proof, the label on the product pro-
vides adequate information to the consumer regarding
alcohol content.

In accordance with the regquirements imposed by the
National Environmental Policy Act, the Bureau prepared
an‘assessment of the projected effect on the environ-
ment of PET liquor bottles. The conclusion reached on
the pertinent issues was that neither container use nor
disposal would have a significant environmental impact.

Held, polyethylene terephthalate (PET) liquor
bottles conforming to the following specifications may
be used as containers for distilled spirits:

(1) The bottles must be rigid or semi-rigid with

molded shape or design which cannot be altered by

pressure without damage to the bottle, and the

wall thickness of the bottle must be as uniform as

possible;
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(2) The bottle must be manufactured in an approved

standard of £ill; and

(3) The material used to construct the PET bottle

must meet the Food and Drug Administration's health

and safety specifications for the packaging of .

alcoholic beverages for consumption as promulgated B

in the Code of Federal Regulations.
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PART II-A

27 CFR 194.11: MEANING OF TERMS (Liquor Bottle)

Polyethylene terephthalate (PET) containers are approved

for bottling distilled spirits. See ATF Rul. 82-+42,

page .
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PART II-A

27 CFR 250.11: MEANING OF TERMS (Ligquor Bottle)

Polyethylene terephthalate (PET) containers are approved

for bottling distilled spirits. See ATF Rul. 82-/<.,

page .
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PART II-A
27 CFR 251.11: MEANING OF TERMS (Liquor Bottle)

Polyethylene terephthalate (PET) containers are approved

for botfling distilled spirits.

See ATF Rul. 82- 72,
page
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November 12, 1982

Dr. Sanford A. Miller
Director

Burazau of Foods

Food and Drug Administration
200 C. Street, S5.W.
Washington, D.C. 20204

Re: Polyvinyl Chloride for Use as a Container
for Alcoholic Beverages

Dear Dr. Miller:

In a letter to me dated August 31, 1982, Mr. Gerad Mc-
Cowin, Director of the Division of Foed and Color Additives,
requested information available to The Society of the Plastics
Industry, Inc. (SPI) bearing on residual moncmer levels in poly-
vinyl chloride (PVC) plastics, and potential markets for such
products. We understand that this information would be useful
to the Agency as it moves to implement the constituents policy
with respect to PVC food-contact applications. We have not yet’
been ible to collect any meaningful information regarding present
and potential uses of PVC that would provide the Agency with
sound data for calculating a consumption factor, i.e., for deter-
mining the percentage of the diet that might be packaged in PVC
plastics. However, we have peen informed that with respect to
DYVC bottles, the industry c¢an provide products with residual

monomer levels not exceeding 10 parts per billion (ppb) by
welght,

We are writing to you at this time solely with respect
to PVC bottles because the only application for which PVC is
not currently permitted involves bottles, liquor bottles to be
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specific. We have received and are enclosing copies of letters
from the following resin suppliers and fabricators of bottles
stating that they can produce such materials: Aim Packaging,
Inc., Brockway Plastics, Continental Group, Ethyl Corporation,
Occidental Chemical Corporation; Owens-Illinois, Inc., and The
Proctor and Gamble Company.

It should be emphasized again that the data we are pro-
viding here relates only to PVC bottles. Film products fabri-
cated from PVC or copolymers thereof utilize different techno-
logical processes so that the standards and criteria applicable
to bottles may not be relevant. Furthermore, we think it clear
and correct, as stated in the Food and Drug Administration's
(FDA) September 3, 1975, Notice of Proposed Rule Making, that
PVC preducts such as films and can enamels are of no regulatory
concern; nor are we aware of any data repeorted since 1975 to
change this conclusion,

In a letter dated January 23, 1981, addressed to Mr, Wil-
liam T. Drake, at the Bureau of Alcohol, Tobacco, and Firearms
(ATF), Mr. Richard J. Ronk responded to an ATF inquiry regarding
the regulatory status of PVC for use as a container for alcoholic
beverages. Mr., Ronk stated in relevant part that the Agency
was "not likely to publish any final requlation or a new preoposal
regarding polyvinyl chloride" until the Agency had resolved
what its policy should be in dealing with trace gquantities of
carcinogenic residues in food-contact materials., Mr. Ronk also
wrote that the Agency was evaluating data which indicated that
1f current good manufacturing practices are followed, PVC packag-
ing material "with encouragingly low residual VCM levels" can
be produced.

Since FDA aas now developed its "constituents policy"”
(47 Fed. Reg. 14,464 (Apr. 2, 1982)) which it is implementing
on a case-by-case pasls, and because PVC hbottles ¢an now be
produced with resicdual vinyl chloride levels sufficiently low
as to comply with the safety requirements embocdied in the new
constituents policy, we are hereby requesting that FDA immediately
re~avaluate the status of PVC for use as packaging
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material for alcoholic beverages. */ As discussed more fully
below and in the technical appendices to this letter, vinyl
chloride migration from PVC bottles containing a 10 ppb maximum
residual vinyl chloride (RVCM) concentration cannot exceed the
"very safe dose" level calculated by FDA's risk assessment pro-
cedures. Consequently, the use of these bottle will pose no
health or safety problem with respect to the possible migration
of vinyl chloride. It is our hope you will concur in our opinion
that there is no longer any basis for concern as to the safety
of using PVC bottles for packaging distilled spirits provided
the residual monomer level does not exceed a concentration of
10 ppb by weight in the bottle walls.

It is our understanding that FDA has determined, utiliz-
ing its conservative risk assessment procedures, that a dietary
intake of 0.22 ug of vinyl chloride per day will be "very safe."
Inasmuch as the Agency considers the average diet to consist of
3 kg of food (both solid and liquid combined), the safe concen-
tration of vinyl chloride in food is 0.073 ppb by weight;

0,22 = 0.073 ug/kg
3

In other words, if the entire daily diet, both solid and liquid,
were packaged in PVC, a migration level of 0.073 ppb would be
permitted and the dietary intake could not exceed 0.22 ug/day.

In dealing with indirect additives, FDA utilizes a "con-
sumption factor" to provide an estimate of how much of an indi-
rect additive might be present in the total diet based upon
measured migration data. Thus, if a packaging material is used
to package one-third of the diet, migration could be permitted
into the packaged portion of the diet at three times the safe
level in the total diet. ?Por example, 1f the safe lavel of a
substance were found from appropriate toxicological studies to
he 1 part per million (ppm), migration into the food that actually
contacts the packaging material could be as high as 3 ppm. Stated

*/ In this connecticon, please take due note of today's release
of a new Bureau of Alcohol, Tobacco, and Firearms ruling on
other plastic liquor bottles. ATF Rule 82-12 (copy attached).
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somewhat differently, 1f migration intc food contacted by a
particular packaging material is as high at 3 ppm, the total
diet will contain only 1 ppm because only cne-thnird of the diet
contacted the packaging material,

Depending upon the actual consumption factor, a number
not now known with any precision for vinyl chloride-containing
packaging materials, the permitted level of vinyl chloride migra-
tion will be higher than 0.073 ppb. If the consumption factor
were 0.1 (i.e., 1f 10% of the diet were packaged in PVC-based
materials) migration from such materials could be permitted at
a level of 0.73 ppb; 1f the consumption factor were 20%, migra-
tion cculd be permitted at a level of (0.365 ppb, and so forth.
Although we recognize that it is not feasible to set a generally
applicable level of vinyl chloride migration until a reliable
consumption factor is determined, it 1s, nevertheless, alto-~
gether proper to clear the use of PVC at this time for any appli-
cation where potential migration does not exceed the safe level
(0.073 ppb). If FPDA affirms the safety of PVC as a container
for distilled spirits at this time, the otherwise permitted
level of migration from other vinyl chloride-based products
vased on consumption factor considerations would not be adversely
affected as 1is shown in detail in Appendix A to this letter.

In other words, the Agency can deal with the liquor
bottle question without considering possible inequities that
might affect other uses of vinyl chloride-based products. An
Agency decision at this time to permit the use of PVC as a con-
tainer for alcoholic beverages would not adversely affect any
future regulatory migration levels that may be applicable to
other PVC uses, provided the level of migration from the presently
considered uses does not exceed 0.073 ppb.

Aprendix B to thils letter provides a technical explana-
sion demonstrating that c¢ontainers with residual monomer levels
not exceeding 10 ppb will not leach vinyl chloride into the
contents at a level in excess of 0.073 ppo. Stated summarily,
the guantity of vinyl chloride available to migrate is so low,
and the rate of migration of vinyl chloride from PVC containers
made with an RVCM content of 10 ppb or less is so slow that the
concencration of vinyl chloride in the contents even after an
exaggerated snelf-life exposure at moderately elevated tempera-
tures will not exceed the safe 0.073 ppb level.
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One final point needs attention. Mr. Ronk's letter
noted that, at the time of writing, FDA could not document the
existence of a prior-sanction permitting the use of PVC for
packaging alcoholic beverages, despite the statement made by
Mr. William F. Randolph, now Deputy Associate Commissioner for
Compliance at FDA, at an International Conference in Managua,
Nicaragua, in May, 1969, to the effect that FDA recognizes a
prior-sanction for PVC for all food-contact uses. Even if this
confusion has not yet been clarified, there appears tc be no
reason why FDA need take any administrative action against the
specific use of otherwise satisfactory PVC containers for packag-
ing distilled spirits until it can deal appropriately with the
status of PVC containers for all food-contact applications. It
appears to be both unreasonable and discriminatory to proscribe
the use of such containers for one particular categqory of foods
(i.e., alcoholic beverages) when there is no public health or
safety problem involved., Rather, we suggest, that 1f any further
action other than a withdrawal of its 1975 rule making proposal
is deemed necessary, the prior-sanctioned status of PVC for all
food-contact uses be dealt with in some other requlatory action
in due course.

Summarizing, the industry can provide alcoholic beverage
containers with a residual moncmer content not exceeding 10 ppb
and vinyl chloride will not migrate from these containers to
the packaged foed at a level higher than 0.073 ppb. Conse-
quently, favorable FDA action clearing the use of such products
1S consistent with the constituents policy. Furthermore, action
to clear tnis limited application will not adversely affect the
interests of any other portion of the industry since the per-
mitted vinyl chleoride migration levels for other applications
will be, if anything, hignher as a result of this action than
they would be if all packaging materials were subject to the
same migration limitation based on an overall consumption factor.:

We trust the information we are providing here will
permit you to conclude that the use of the PVC alcoholic bever-
age containers will pose no safety concerns provided the residual
monomer level in such containers does not exceed 10 ppb and
thus enable vou to advise the 3Bureau of Alcchol, Tobacce, and
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Firearms to this effect without further delay. Should you have
any questions, however, please let us know so that we can pro-
vide answers as promptly as possible.

Very truly yours,

7 p '
</£%@9§%aa§gf?¥744%?fﬁé§;agg4‘,

7
.
“//Jerome H, Heckman

Enclosures

cc: Mr. Stephen #iggins
Dr. Arthur zull Hayes
Mr. Richard J. Ronk
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APPENDIX A

ALLOCATION OF PERMITTED MIGRATION LEVELS
UNDER THE "CONSTITUENTS POLICY"

Any vinyl chloride-based packaging material will pose
ne monemer migration problem if the migration level does not
exceed the "very safe" concentration of 0,073 parts per billion
(ppb) . X/ Although such uses, per se, will pose no public health
or safety concern, it may not be Ilmmediately apparent that the
early allocation to bottles of a portion of the very safe quan-
tity of vinyl chloride that may be permitted in the diet will
not adversely effect the interests of those packaging materials
which are not being dealt with at the same time. This, however,
1s the case,

To demonstrate this mathematically, in general terms:

Let the consumption factor, i.e., the fraction of the total
diet contacted as a result 2f all uses of vinyl chloride-
containing packaging materials, be "c."

Let "b" be the fractional portion of the diet contacted by bot=-
tles only ("b" must be less than "c").

Let 0.22 Hg be the very safe level of vinyl chloride monomer
(VCM) in the total diet and

Let 3 kg be the weight of the total diet, (Actual numbers are
used here for convenience, but there is no loss in
generality. It would be perfectly in order to substi-
tute symbols for these specific values,)

*/ We understand that the actual FDA document that sets forth
the derivation of this figure is not available for public
distribution at =his time. Nevertheless, we have been informed
that the very safe dose nhas been determined to be 0.22 Hg per
day., If the entire diet, both liquid and sclid, were packaged
in PVC, a migration level of 0.073 ppb would assure that the
0.22 Ug level would not be exceeded,
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Then:

(1) The safe concentration in the total diet is:

g;%;igg = 0.073 pob

(2) The weight of diet contacting vinyl chloride-based
products is 3c.

(3) The safe level of migration, taking the consump-
tion factor into consideration is:

0.22 _ £.073 pob

3¢ c

(4) If bottles with migration at or below 0.073 ppb
are utilized, tne weight of diet packaged in
bottles is (3 £ kg, and the weight of vinyl
chloride contrisuted t¢ the diet by this use is:

(0.073 ppb) (3b) kg = (0.073) (3b) Hg = 0.22b Hg

(5) The remaining weight of vinyl chloride that may be
contributed by all other uses is:

(0.22 =0.22b) ug = (0.22) (1-b) ug

(6) The weight of diet that is packaged in all other
vinyl chloride=-containing materials is:

(3¢=3b) kg = 3(c-b) kg
Note: (c~b} 1s less than (l-b)

(7) The permitted concentracion of vinyl chloride
migrating from all other uses is:

0.22 (l-b) _ 0.073 (l-b) > 0.073 ppb
3 (c-b) - (c=b)

Thus, regardless of the actual numerical value of the
very safe dose, restricting a portion of the total consumption
factor to migration at the very safe concentration in the total
diet must result in an increase in the permitted level of
migration for all other uses.
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APPENDIX B

VINYL CHLORIDE LEVELS IN CONTENTS QF BOTTLES

The following considerations demonstrate that the vinyl
chloride content of substances packaged in polyvinyl chloride
(PVC) bottles cannot exceed 0.073 parts per billion (ppb) pro-
vided the bottle walls contain no more than 10 ppb of residual
vinyl chloride (RVCM).

Typical wall thicknesses of bottles do not exceed 20 mils
(0.020 inches). Consequently, the volume of PVC in 1 square
inch of wall surface is 0.020 cubic inches or 0.33 cc. Inasmuch
as the density of PVC compounds is somewhat less than 1.4 grams
per cc, the weight of PVC in the wall section is somewhat less
than 0.46 g (0.33 x 1.4)., If the RVCM content is no higher
than 10 ppb, the maximum weight of vinyl chloride in that section
will be 4.6 x 10-9 g. The Food and Drug Administration (FDA)
considers a weight of 10 g of contents to be in contact with
each sguare inch of package surface. Consequently, if all the
vinyl chloride were to migrate into the contents, the resulting
concentration would be 0.46 nancgrams per gram of food or 0.46 ppb.

However, it has been early demonstrated that migration
of residual monomer from PVC packaging materials initially proceeds
in two directions, part entering the contents of a package, the
remainder diffusing to the exterior. Thus, the maximum concentra-
tion in the contents could not exceed 0.23 ppb if all of the
available vinyl chloride were to migrate into the contents.
This cannot occur because, at egquilibrium, there will be & parti-
tioning between the concentration of vinyl chloride in the con-
tents and the vinyl chloride in the solid walls of the con-
tainer so that the 0.23 figure calculated above would be an
unapproachable limit. Furcthermore, over a very long time period,
the direction of migration would reverse because the exterior
air would represent an infinite sink; after an initial buildup
of vinyl chleoride concentracion in the contents, the vinyl chloride
would then diffuse from the contents through the wall into the .
exterior air,

Nor is this all. Diffusion experiments conducted by
Behrens and co-workers utilizing PVC with relatively high residual
monomer contents have demonstrated that over a period of appro-
ximately a year at 30°C less than 1/3 of the available vinyl
chloride will diffuse. Thus, less than 1/3 of the limiting
0.23 ppb will migrate in cone year at 30°C. The time and tempera-
ture is gquite excessive as simulants for reasonably expected
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shelf-1life and storage conditions., Thus, even under these con-
ditions, less than 0,073 ppb can be anticipated. Copies of
relevant publications are attached.

Studies conducted by Ethyl Corporation and reported to
FDA have demonstrated that the diffusion constant for vinyl
chloride migration is, in fact, not constant when the residual
monomer concentration drops somewhat below 50 ppb. Thus, the
calculations based on Behrens' work are high and may be as much
as an order of magnitude too high when applied to the containers
of interest here wnich bear not more than 10 ppb of residual
monomer. Copies of the Ethyl reports are attached for ready
reference,

Although not amenabls to calculation, it is known that
vinyl chloride tends to accumulate in the headspace over dilute
vinyl chloride solutions. Thus, the vinyl chloride content of
the solutions as calculated above will be lower by a signifi-
cant although not readily guantifiable amount because much of
the vinyl chloride will be in the headspace and will dissipate
when the container is opened. Furthermore, each time the con-
tainer is used, this same phencmenon will be repeated so that
the initial monomer content will decay rapidly.

In summary, bottles made with RVCM levels not exceeding

10 pob will not yield VCM to the contents at levels exceeding
0.073 ppb.
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ERvockvway

piasiicr October 27, 1982

Jerome H. Heckman
Xeller & Heckman

1150 17th Street, N.W.
Suite 1000

Washington, 0.C. 20036

Jerry:
Re: G. R. Munger's letter dated 10/25/82

This is to confirm that given the current status of resin
manufacturing, Brockway Plastics is capable of manufacturing
rigid and semi-rigia PVC food containers with a RVCM of no
mere than 10 parts per billion.

From convarsations [ have had with Dr. Dixier, this should
fall within the maximum allowable standards being considered
by FDA and further market data as to products, etc. i1s not
necessary.

Should this not be the case, please contact me,

Good Tuck... )
Robert W. Scnroeder
WsS:ire Vice Presigent, Sales/Marketing

]

S A NEW SAMPS=ITE C308

e T o e et
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VIA TELECOPIER (202) 296-7682
ETHYL CORPORATION

ResPaRCH AnD DEvELOPNMENT DEMIETNEST

A P.CAsC oa0DEEIR WLFLY
November ll, 1982 TOIr Q.EOX 34

SATON ROLOE, LA 7OBI!

jerome H. Heckman
sller and Heckman
1150 17th Stcreet, N.W,
Suite 10GD
Washington, D.C. 20036

t.r*i

,.‘._- =

Please be advisad that Ethyl Corperation can provide com-
liy rigi PVC compound with a residual winyl chloride
T cantenc of less than 10 parts per billion. Finishec
rs (e.g., bottles) producad from this compound by processors
lso contaxn less cthan 10 parts per billion vinyl chloride.

= Very truly yours,
AL J7 Hae“'ner

Director, Plastics Ressarch and
Applications

cc: Mr. R. M. Marsten
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c CONTINENTALSICUR

Packaging

. Forass Progucts
Insurance
Energy

George K Landan
Vice President

October 27, 1982

Jerome M. Heckman
Keller and Heckman
1150 17th Street, N.W.
Suite 1000

Washington, D.C. 20036

Dear Jerry:

In a letter dated October 25 Monk Munger asked us to advise
you whether we can produce bottles of food grade PVC which
would have less than 10 parts per billion of vinyl chloride
monomer.

Ne are advised Dy our resiut suppliers that they will deliver
resin with a residual monomer level of 5 parts per billion or

less. We are reasonably certain that there is no way we can
increase the residual mondmer level in our bottle making process.
It would seem then that we would be safe in stating that we can
produce bottles which consistently have residual vinyl chloride
monomer present at 10 parts per billion or less.

Very truly yours, -7

/

Uy =
Sy TR
GXL:hoc

g
3

G. R. Munger

e Connrantal Greup, Inc.
3. —aroer Paze

Jiomises o Lol
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Occidental Chemical Corporation .

November 8, 1982

Jerome H. Heckman, Esqg.
Keller and Heckman
1150 17th Street, N.W,.
Suite 1000

Washington, DC 20036

Dear Mr. Heckman:

Please be advised that Occidental Chemical Corporatiocn <¢an
provide rigid PVC film and sheet with a maximum residual vinyl
chloride monomer of 10 parts per billion.

We can also provide PVC compeunds to manufacturers o £ilm and
sheet with a certified RVCM of 1l0pob. max. which would in turn
enable them to provide film and shee® with the same amount of
RVCM.

We trust this is the information you want, and if we can be
of further service to you, please let me know.

Sincerely,
/ ‘ J7 &
W . ‘7{
RLR:slc Richard L. LaRue

Market Develoument Managar

oY
PVC Resins/PYC Fabricated Products
T .. Zagz 2o o33 Zooegior Naw levses 23077 B0E 188-0TTE 0% 436 IuN0

P =
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Occidental Chemical Corporation

November 8, 1982

Jerome H. Heckman, Esqg.
Keller and Heckman

1150 17th Street, N.W.

Suite 1000

Washington, DC 20036

Dear Mr. Heckman:

wlll serve o confirm our recent conversatclion that we can

rigid food-grade PVC compounds Zor the manufacture of
ttles with a rasidual v_“yl chlor.de moncmer content of
t3 per bhillion maximum. Therefore, bettles produced from
material would alsc have a2 1l0ppk. max. RVCM.
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Occidental Chemical

November 3, 1982
Page 2

Consecguently, i1f the FDA 1s going to eventually move favoranly
on the PVC issue, we think it should be done now to aiford the
distillers with enocugh intellicent choices £o minimize economic
waste.

Please let me know if I can be of further service. I enjoyed
talxing with vyou, as always.

Sincerely,
Dot A A
RLR:s5lc Richard L. LaRus

Market Development Manager

GENC017221




TOFY (Reller & Hechman off-line telecopy #: (202) 296-7582]

T2: HWr. Jerome H. © o n

Xeller L Heckman

1150 1Tth Su., N.W,

Zaite 1000

weeningteon, D.C. 20036
Oear Jerry:
On Jotoper 25 the Zoviety of the Plastics Industry of fice directed 2 letter to
Us Lo oanguire as te wnether we can produce boltles made of pelyvinvichlcride
for foxod grade applicatieons, and whether such bobtlles cauld bo ertified to
contzin lezas than ten {10) parts per Dillion resxcduz) vinyl chloride monomer
me mEvd Deen in tadceh Wilh our comround suppliers in this connection and mave
Dgen zzsures thal they can provide us with compound that conizins less than ten
carts per billicn RVQM. This being Lhe case, it is ev clear that we wodld
N3ve no difficulty in procducing bottles wn'eh convaln less than ten parts per
Dillizn vinyl cnloride mononer. '
Sinzersly,
W. J. SRAMAM,
Croup Vice President, Plastics & Closures
Twens-Illinois, Ine.
Cne Zezlste
Tolegs, Chio U546
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THE PROCTER & GAMBLE'COMPANY

.
=
e

IWORYDALE TECHMNICAL CENTER CINCINNAT! OHIO 45217

November 4, 1982

Mr, Jercme H. Heckman
Keller and Heckman

1130 17th Street, N.W.
Suite 100C

Washington, D.C. 20036

Dear JerTy:

Confirming our telephone coaversation of yesterday, our experience at
Procter & Gamble supports the view that SPI advise FDA that manufacturers
of rigid and semi-rigid PVC food packaging can meet a RVCM limitation of
10 ppb in their finished articles.

Our recent experience in checking RVCM in fiva different lots of PVC botrtles
from three different bottle manufacturers is ofZered as evidence for our
support. Analyses showed results io the range of 3-7 ppb, with an average
of 4.2 ppb RVCM. In all cases, Hooker's PVC 2130L was the basic resin used.

If couments from other SPI members do not verify our findings, or 1f it is
decided that the PVC industry will not commit to a 10 ppb RVCM limit for
food packaging, I would like to discuss this situation with you premptly.

I lock forward to the next meeting of our Food, Drug & Cosmetic Packaging
Marerials Committee on December 8, when we will undoubtedly be discussing
this subject further.

Sincerely,

Q= )
R. T. Bellliveau T
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Polyethylene Terephthalate Ligquor Bottles

Washington, D.C. 20226
Nl.lnbcl‘.az_ Datx

WDEPARTM ENT OF
EﬂdTH E TREASURY

(S

Proprietors of Distilled Spirits Plants, Importers and
Others Conecerned:

Purvose: The purpose of this circular is to
inform you of a forthcoming ATF Ruling concerning the
approval of polyethylene terephthalate containers for
bottling distilled spirits. The ATF Ruling will read

as follows:

The Bureau of Alcohol, Tobacco and Firearms has
been reguested to approve the use of polyethylene
terepnthalate (PET) as a suitable material for the

manufacture of liquor bottles.

Section 3301l(a) of Title 26, United States Code,
provides that the Secretary may regulate the kind of
containers designed or intended for use in the sale
of distilled spirits. Sections 1%.11, 194.11, 250.11
and 251.11 of Title 27, Code of Federal Regulations,
provide for liguor bottles to be made of glass or
earthenware or of other suitable material approved by
the Food and Drug Administration, which has been
designed or is intended for use as a container for
distilled spirits for sale for beverage purposes and
which has been determined by the Directeor to adequately

protect the revenue,

The Bureau is aware of the need to recognize

advancing technolegy which provides materials adaptable

cr develcved for packaging distilled spirits. At the
same -ime, -he Burceau 13 aware of its responsibilities
for protecting the Federal excise tax revenues, as pre-
scribed by the Internal Revenue Code (Title 26, U.S.C.,
Chaptar 51); for insuring an orderly marketplace, in
accordance witzh the requirements c¢f the Federal Alcohol
Administration Act (Title 27, U.S.C., section 208(e)):
anéd for protecting the envircnment, gursuant to the
National Environmental Policy Act (Title 42, U.s.C.,

section 4332).

Bureau of Alcohol, Tobacco and Firearm

GENCO017224




The Bureau recognizes that, in some minor
instances, a proof gain of up to two degrees of proof
per year (and a corresponding water veolume loss) may
gccur. However, this effect can be minimized by
avoiding high storage temperatures, by insuring that
the wall thickness of PET ccontainers is uniform, and
by insuring market turnover., In any event, ATF has
concluded that this characteristic of PET packaging
poses no jecpardy to the revenue because the taxable
commodity, the alcohol, doces not travel through the
package wall. The gquantity of alcohol does not change
between the time of bottling and the point of tax
determination. Therefore, it has been determined that
the use of PET for liquor bottles provides adeguate
protection to the excise tax revenue and is a suitable
material for this use.

The consumer obtains the same amount of alcchol
contained in the product at the time of bottling, since
only water is lost. Since the same amount of alcohol
is contained in the product with only a very minor, if
any, increase in proof, the label on the product pro-
vides adegquate information to the consumer regarding
alcohol content,

In accordance with the redquirements imposed by the
National Environmental Policy Act, the Bureau prepared
an assessment of the projected effect on the environ-
ment of PET liguor bottles. The conclusion reached on
the pertinent issues was that neither container use
nor disposal would have a significant environmental
impact.

Beld, polvethylene terephthalate (PET) liquor
bottles conforming to the following specifications may
he used as containers for distilled spirits:

(1) The bot:tles must be rigid or semi-rigid with
molded shape or design which cannot be altered by
pressure without damage to the bottle, and the
wall thickness of the bottle must be as uniform as

pessible;
(2) The pottle must be manufactured in an approved
standard of £ill; and

GENC017225
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(3) The material used to construct the PET bottle
must meet the Food and Drug Administration's health
and safety specifications for the packaging of
alcoholic beverages for <cnsumption as promulgated
in the Code of Pederal Regqulations.

Inguiries: 1Ingquiries concerning this circular
should refer to its number and be addressed to the
Assistant Director, Regulatory Enforcement, Bureau
of Alcohol, Tobacco and FPirearms, 1200 Pennsylvania
Avenue, NW., Washington, DC 20226. Attention:
Commodity Classification Branch.

Acting Dirégzor

GENCO017226






The Bureau is aware of the need to recognize
advancing technology which provides materials adaptable
or developed for packaging distilled spirits. At the
same time, the Bureau is aware of its responsibilities
for protecting the Federal excise tax revenues, as pre-
scribed by the Internal Revenue Code (Title 26, U.S.C.,
Chapter 51); for insuring an orderly marketplace, in
accordance with the requirements of the Federal Alcohol
Administration Act (Title 27, U.S.C., section 205(e));
and for protecting the envirenment, pursuant to the
National Environmental Peolicy Act (Title 42, U.S5.C.,
section 4332).

The Bureau recognizes that, in some minor
instances, a proof gain of up to two degrees cof proof
per year (and a corresponding water volume loss) may
occur. However, this effect can be minimized by
avoiding high storage temperatures, by insuring that
the wall thickness of PEZT containers is uniform, and
by insuring market turnover, In any event, ATF has
ceneluded tha%t this characteristic of PET packaging
noses no Jecpardy to the revenue because the taxable
commodity, the alcohol, does not travel through the
packace wall. The gquantity of alcohol does nct change
between the time of bottling and the point of tax

determination., Therefore, it bas been determined that
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the use of PET for liquor bottles provides adequate

protection to the excise tax revenue and is a suitable

material for this use,.

the same amount of alcohol

The consumer obtains

contained in the product at the time of bottling, since

only water is lost. Since the same amount of alcohol

is contained in the product with only a very minor, if

any, increase in proof, the label on the product pro-

vides adequate information to the consumer regarding

alcohol content.

In accordance with the requirements imposed by the

the Bureau prepared

National Znvironmental Policy Act,

an assessment of the projected effect on the environ-

The conclusion reached @n

ment of PET liquor bottles.

the pertinent issues was that neither container use nor

disposal would have a significant environmental impact.

Held, polyethylene terephthalate (PET) liguor

bottles conforming to the following specifications may

me used as containers for distilled spirits:

{1) The bottles must be rigid or semi-rigid with

molded shape or design which cannot be altered by

pressure without damage to the bottle, and the

wall thickness of the bottle must be as uniform as

possible;
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(2) The bottle must be manufactured in an approved

standard of £il1l; and

(3) The material used to construct the PET bottle
must meet the Food and Drug Administration's health
and safety specifications for the packaging of
alcoholic beverages for consumption as promulgated

in the Code of Federal Regulations.
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PART I1I-2

27 CPR 194.11: MEANING OF TERMS (Liquor Bottle)

Polyethylene terephthalate (PET) containers are approved

for botﬁling distilled spirits. See ATF Rul. 82~ 12,

page .
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PART II-A

27 CFR 250.11: MEANING OF TERMS (Liquor 3ottle)

Polyethylene terephthalate (PET) containers are approved

for bottling distilled spirits, See ATF Rul., 82-12,

page
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PART II-2

27 CFR 251.11: MEANING QF TERMS (Liquor Bottle)

Polyethylene terephthalate (PET) containers are approved

for bottling distilled spirits. See ATF Rul. 82-12,

page
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THZ DIFFUSION OF VINYL CHLORIDEZ IN POLY(VINYL CKLCRIDE)
by
A. R. Berens
Corporate Research, The B.T. Goodrich Co., Brecksville, Chio 44141

(To be presented at American Chemical Society National Meeting,
Atlantic City, September 9-13, 1971, Division of Polymer Chemistry;
and to appear in Polvmer Prepriats, Vol., 13, No. 2o A0 C(Q-zq,‘,

ABSTRACT

The diffnsian of vinyl chleride monomer {(VCM) in PVC has been
studied by electrobalance sorption/desorption techniques on polymers
in the as-polymerized powder state over the concentration range 0-
2000 ppm VCM/PVC and from room temperature to above Tg. The
sorption process appears to consist of two stages: 1) Relatively rapid
attainment of diffusion equilibrium; 2) Much slower relaxation to swell-
ing-stress equilibrium. First stage sorption/desorption data on uniforin-
particle ernulsion PVC's and porous mass and suspension PVC's fit a ‘
uniform-sphere Fickean diffusion mode.. Diffusion coefficients, D, have
been evaluated through this model {rom sorption half-times using sur-
face average particle gizes deterrained

P . ot

and molecular weight in the cornmercial range anciinSERENENENN,:
The presence

of non-porous, gkssy' particles causes a slowing of the later part of

the sorption or deirption process, in accord with a model for spheres

of widely varied size. VCM sorption data thus offer a means of evaluating

uniformity of PVC resin particle stracture.
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THE DIFFUSION OF VINYL CHLORIDE IN POLY(VINYL CHLORIDE)
by
A. R. Berens
Corporate Research, The B, F.Goodrich Co., Brecksville, Qhio 44l4l

INTRODUCTION

In the preceding paper (1) we considered the equilibrium aspects of vinyl
zhloride monomer (VCM) sorption by poly(vinyl chloride) (PVC)., Here we turn
our attention to the kinetics of the process, i.e., the measurement and application
of the diffusion coefficient {D), which controls the rate of VCM sorp:iion or desorp-
tica by PVC. Knaowledge of D for VCM in PVC has two important applications
related to current concerns about possible health hazards of exposure to VCM:
Tirst, in the selection of conditions of time, temperature, and pressure for the
effective removal of unreacted VCM in PVC at the end of the polymerization. pro-
cess, and sacond, in the estimation of the rate at which any residual VCM in fin-
ished PVC products will escape iato the environment or inte other media in con-
tact with the PVC., We present here cur results of VCM sorption and desorption
rate measurements from room temperature to above Tg in VYCM/PVC systerns
containing the low concentrations of VCM likely to be encountered in practice, leas
than about 2000 ppm.

Nearly all published studies of diffusion in polymers (2, 3) have dealt with
polymer films or sheet samples, presumably for geometric simplicity and ease of
data interpretation. Because of our interest in VCM removal from PYC resios,
we chose to work with samples in the powder form obtained directly from the poly-
merization process. While sacrificing some geometric simplicity, the use of
powder samples has saome compensating advantages; conversely, sorption studies
seemn capable of yielding useful information about PVC particle structure aad
geometry.

ZXPTRIMENTAL

Eguioment: All the measurements reported here were made with the record-
ing electrobalance set-up already described (1). To meet the boundary conditions
of the difiusion equations used, the pressure of VCM (P} in the balance chamber
should be changed in sharp steps. By bringing a2 small vessel to a measured VCM
pressure, thea gquickly opening this vessel to the balance chamber, Pmp could be
increased to a2 predetermined new value in a few teaths of a second. Step de-
creases in pressure, especially to zero, are not so easily achieved. With oil
diffusion and mechanical pumps, liquid Ny traps, and large vacuum lines, we
could reduce P, from 200 mm to ~ 30 microas in one minute. In most experi.
ments, the half-evacuation time was coasiderably leas tharn the nalf-desorption
time, so0 no corrections were made for the noan-instantaneous pressure chaage.
The rasponse of the electrobalance and recorder provided useful data beginning
within 3 to 3 sec. after a pressure change.

Materials: The PVC homopolymer resin powders used in this study are
listed in Table [.

—~i3LE I PVC Samples Used
Intrinsic Surface Area Glassy-particle

Samnole Tvpe Viscosity rnz/z contaat

A Suspension 1,10 2.3 -~ ail

cC " 0.70 <0,1 very high

D Emulsion 1.583 9.3 ail

T Suspeasion 1.10 Q.32 high

G " 0.43 0,14 moderate

H " 0.65 0.135 -~ ail

J " 0.75 0.2! nhigh

K " 0.95 0.59 low

L " 0.953 0.70 very low

A% ! 1.10 1.3 ~ nil
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RESULTS AND DISCUSSION

General Charzctar of Soration Curves: Ia preliminary interval sorption ex-
periments, we found that the nature of sorptioan vs. time curves depends upon the
range of Pm and VCM concentration covered. Tigure | shows two typical curves
for Sample D at room temperature. In the lower Py, range, there is an initial
rapid sorotion to a VCM content which thea remains aearly coastaat; at a some -
what higher Py range, a similar rapid inirial VCM uptake s iollowed by a slower
further sorption which contiaues on to very long times. Saomewhat similar results
were reported by Bagley and Long (4) for the system acetone/cellulose acetate,
although two-stage sorption was not observed at such 2 low penetrant concentration.
We beliave that the Bagley-Long explanation of two-stage sorption is also appli- ‘
cable to the VCM/PVC system: Ia the first stage, a uniform concentration of
penetraat is reached throughout the polymerz; i. 2., diffusion equilibrium (or
quasi-equilibrium) is attained quite rapidly. The second stage involves 2 slow
relaxation of the swelling stress, permitting further VCM sorption; since diffusion
here is much faster than stress relaxation, the second-stage sorption involves a
very low concentration gradient from surface to center of the PVC particles,

Qur results seern to suggest that one advantage to the use of finely powdered
polymer samples is the attainment of diffusion equilibrium before aporeciabdle
stress relaxation has occurred. Thus the two stages may be clearly separated.
The extent of first-stage sorptioa then measures the polymer in a state essentially
unperturbed by penetrant swelling action, and may be used to assess effects of
prior history (Cf. (1} ).

In the remainder of this paper, we will deal with experiments ar sufficiently
low Py that only the first-stage sorption is evideat. Experiments at higher Ppy
and kinetics of the second stage remaia for fuzther study.

Measurement of Diffusion Coefiicient, Uawform Particles: Monodisperse
emulsion polymers, such as Sample D, repressent the simplest possible geometry
among polymer powders. Sorption or desorptioa experiments on such samples
may be treated through a solution of Fick's diffusion equation for spheriecal
geometry (5),

~4Dn2n%t/q
(1)

where My is the weight of penetrant entering or leaving the sphere in time t, Mg is
the total weight change Detwesa initial and final uziform concentrations, and d is
the spnere diameter. Ity ¢ is the time whea M./M_ = 0. 5, equation (1) gives

,
D=7.66x19 " A7 (2)

- -
RS-

Thus, xnowing 4, 2 cax 5e obtained 2xzerimentally {rom half-sorptioc or -desorp-

/2

ure 2 shows the My/ M, vs. ¢ olot Zor a typical VOM saorptioa experi-
ment so & moaadisperse ermulsion PVC of 0. 424 particle diametes. The agrsement
Detwezn the experimenta! poiars and equatioa (1) (fitted to the observed ty 3) shows
that ta= sorption closely follows Fickean behavior. Equation (2), using the parti-

cle diameter measured by alectron microscopy, gives D= 1.9 x107-¢ cm?/sec.

T

3
44

Diffusion Coefficients, Susoension PV(C's: Several studies by electroa mi-
croscopy (4, 7,8) nave shown that porous zarcticles of suspeasioa PVC are agglom-
erates of primary or sub-particles of about ! “o 5 microns diameter. Rzcent
scanning electron microgranhs in our 'aboratories indicate that the primary par-

ticles in a ziven sample are fairly uniform in size. This observation sugzests the
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the uniform-sphere model to d”‘usxon in suspension PVC's.

possibility of applying

- We also have found that an average size of the primary particles can be ob-
tained from specific surface areas measured by N, -adsorption. For a sphere, of
density p, the surface-:o-weight ratio is 6/zd. ‘:‘0‘- PVC spheres, p = 1.4, and we

obtain

d. = 4.29/3 (3)

5 4

where Sg is the specific surface arez in m2/g and ds is the surface-average _
particle ‘diameter in microns. We find guits reasonable agreameant between v:is

determined in this way and the primary particle diameter estimated by scanning
microzcopy oa sectioned granules of susdeasion PVC.

Sorption curves on porous suspeasioa PVC's conform quite well to the shape
predicted by equation (1), as illustratsd in Figur= 3. Application of equatmn (2)
to sorption data on Sample A (dg = 1.35u) at 25° gives D = 2.0 x 10-42 em®/sec, in
good agreement with our result on moaodisperse emulsion PVC. Thus the uniform-
sphere model seems applicable to porous susseasion PVC, and the dimension con-
trolling sorption rates appears to be the size of the primary particles, oot the
external dlameter of the agglomerate. This means that difiusion of VCM through
the pores, and through any pericellular membrane around the gross particle, must
be very rapid. Use of the external particle size in calculations of D from sorption
data would give values several orders of magnitude higherthan ours; this appears
to account for the apparent discrepancy batween our r=sults and those recently
reported by Wolf and Kreter (9).

Concentration Dependence of D: In most of our sorotion/desorption experi-
mexnts, we [ind that the desorption is somewhat slower than sorption, as illus-
trated in Figure 3. This is the sxpecte< resuli wnea D inecreases with increasing
concentration of the peaetrant (5). Such 2n effect se2rms likely in our system, due
to tne plasticization of PVC by VCM. Ovar the limited range of VCM concentra-
ticns coansidered nere, the variation oi D is small; an average of sorpticn and de-
scrption values for D is probably a satis{actory figure for most practical appli-
cat :

ions.

Temperature Debendsace of D: We have obtained sorption aad desorption
cucves at tempearatures from 25 to 90°C for several suspension FVC resins and
czlculated D from tg 5 aad dg. Sampies of varied 45 were needed to bring tg s
into an experimentally accessible or conveniext time range. Figure & summarizes
Qur r=2s5ults oa an Arthenius plat. The agreement amongz samples is {airly good;
rmest of the scatter may be atiributed !9 uncerstawnty in %5 or in particle geometry,
so there is no clear evidence that D diflars signiliican:!; from ore sample to anoth-
er. Cur samples zaverad the ranga of melacuizs weights [ar lntrinsic viscosities)

ol normal commercial PYVC's, so it also apgpears that D is inseasitive 1o A..olef*ula— »
At in this raage. D varies with temzerature {rom about l x 10712 cm¥/sec at
a2 x 1079 ax 90°C. The straign: i izids an activation energy
wcal/mol. Limited results at [12°C show no greszt change in activation ener-

e

b
a
1)
<
L}

]
-
g
it
H
1
b
=5

or 2t at 25°C or a speci-
. T . N jod .
= iim 0. 95 mm thiclk gave a Vaear M vs, tl‘/"' plot, but the sys-
m was still far from diffusion cquilibrium alter cne week. Assuming that the

te

fina! solubility (Me) was similar to that in PVC powdn—- C owe estimate D= 3 x 107 12
2

cem“/saec, Thus it appears that our values of D may also be apoplicable to fused

(rmolded or e.\‘t:uded) rigid PVC products, but fur :He: cxperiments are needed to

cad to focus

Il

Later Stagos of Sarotion/Desorction: Plots of Mo/ Lin vs. t
a first 99 percent of the sorpiing or desorpiion process.  Yet, in the
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few percent of desorption. Forv this regilon, it is instructive to examine plots of
log(l-My/Ma) vs. t. Figure 5 shows such plots calculated from equation (l) usiag
D=2x10"'0 cm2/sec and variaus values of S, = +.29/dg. These curves thas
represent the predictions of the uaiform-sphere, Fickean model for sorption or
desorption of VCM {rom PVC powders at 90°C; they are essentially linear beyoad

Mt/:vf‘a; = O 5

Experimental log {1 - M¢/M_) vs. t plots {or several representative suspen-
sion PVC samples are shown in Figure &. Deviations from the uniform-sphere
model are obvious and quire substantial in some <cases. The wnitial part of the

curves, to My/M, = 0.8, show slopes similar to those predicted from the S,
values. But then some of the curves show a pronounced decrease ia slope, and
others a more gradual curvature. The slope in the later stages does not correlate
with Sg.

We attribute these results to non-uniformity of particle structure. Under the
optical microscope, samples Kand L., for example, appear largely to consist of
opaque, porous graios but also contain a oumber of transiucent to clear, "glassy”
particles. In such granules the pores between the original primary particles have
probably been largely filled in with PVC during polymerization; the effective
dimension controlling sorption rate then more asarly approximates the exteraal
particle size of pernaps 50 to 130 microns than the few-micron primary particle
size, The effect of such particles on the sorption/desorption curves can be esti-
mated through equatioa (1) simply by adding the curves calculated for various
weight fractions of different effective particle size. This procedur= is illustrated
in Figure 7, where we show the predicted efifect of varied weight % of 40 micron
{("glassy") particles in a sample otherwise comprising uniform 4 micron particles.
Sorption measurements on deliberate mixtures of porous and glassy particles give
results closely resembling the calculated curves, as illustrated in Figure 8. For
the samples of Figure 6, the extents of sorptioa at longer tirmes are in good quali-
tative accord with the relative conteats of glassy particles.

The more gradually curved lines of Figure 5 may similarly be icterpreted as
the result of a narrower, more conrinuous distribution of effective pazticle sizes.
Thus the shape of sorption curves can provide much useful information about the
uniformity of particle structure. In principle, at least, once D is kaown, it seems
possible to obtain a rather complete measure of particle size and size distribution
from sorption measurements on polymer powders,

Practical Implications: © results suggest that removal of residual VCM
from PVC resins could be accomplished in feasibly short times and low tempera-
tures, provided the polymer has a retatively high surface area (small primarzy
particle size) and is Iree from non-porous or glassy particles. The presence of
even a smmall percentags of such ason-porous gariicles will seriously retard the
fina!l stages of VCM removal., 3Similarly, VCM remaval will become vary slow
cace PVC particles nave became I[used into a continuous mass during Z3brication.
Assuming applicability of our D values to molded or extruded rigid PV 2roducts,
it may de shown that sscape of any small amounts of resideal VCM {a such products
into the envirooment will be an extremely slow process. Numerical calculations
for products of varied zeametry aad dimeasions can readily be made with available

equaians (3).
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Diffusion and relaxation in glassy polymer
powders: 1. Fickian diffusion of vinyl chiloride
in poly{vinyl choride)
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A model is presented for diffusion-controlled sorption in palymer pawders consisting of uniform
spherical particles. Gravimetric sorption-rate data for vinyl chloride in PVC powders are found to «
obey this Fickian maodel for certain types of samples over limited ranges af vinyi chloride pressure ‘
increment or temperature. Superficially similar dewiations from the modei are caused by particte non-
uniformity and by the onset of a relaxation-controlled transport mode. These two causes can be dis-
tinguished by appropriate choice of sample type and experimental conditions. A simple modification

G

*!

of the model satisfactorily accounts for the effect of particle nonuniformity upon sarpuon Kinetics
for conditions under which transport is diffusion-controiled. The use of pawder samples in vapour-
sorption experiments seems to afford several advantages over conventional film specimens, including
more convenient maasurement of the very low diffusivities characteristic of the glassy state, and more
definitive separation of the contributions of diffusion and raiaxation processes to the overall transport

mechanism.

INTRODUCTION

The complex transport behaviour of organic vapours and
liquids in glassy polymers nas been studied extensively for
over twenty years and reviewed oy several authors'™, [tis
now wideiy agreed that transport involves both a diffusion
process, sontroiled by a concentradon gradient, and a rela-
xation process, controlled bv 2 ume-aependent response of
the potymer to a swelling stress. As the relanve contabu-
dons of these two processes ciange ind interact, a wide
range of Sehaviours can be encountered. The observed
effects may vary not onlv with the partucular polymer/
penetrant svstem conudersd, but aso with the range of
vapour 1cuvities or concenimtons sovered in speafic
expeniments. Rogees? has somnted sut, for example, that
sorpucn vs. tume Jurves may 2e aseudo-Fickian, sgmord, or
cwo-stage i1s the JenetsIst zoncsniraton is ncreased.
Aifrev 22 20 5% consider ampie Fiuaan diffusion (sorpuon
mutiaily linear with 71 =) and Case 1l sorpuon (linear with 1)
s /imiung ¢ases r2oresennng comunation by diffusion and
reiaxauon, respecuvaly. Hopreacerg ind Fasch’ have sug-
zested that wirtually the snnore -ange of possible behaviours
mav Se 2xpeci2q in 1 pven svstem when 1 sufficient range
o1 temperarures and penetrant icmvities are mvestgated.
Yopfenberz® has also pounted out, however, that at the low
temperatures and activiues where simple Fickian behaviour
i the glassy state qught be expected, axpenmental times
become orohubitively long with coaventionai poiymer film
samples.

Recently, Vrentas, Jarzebskt and Duda® have proposed 1
diffustve Deborah number, (DEB)p, as a cnterdan for pre-
dicuing whether ransport 1s diffusion- or relaxation-con-
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trolled. This dimensionless number is defined s:

Am
(DEB)p = iy (1

where A, is 2 mean relaxation time and 8 p a charactenstic
diffusion time given by L2/D, with L the sample thuckness
and D the diffusion coefficient. In this treatment, then,

the sample dimension becomes an important {actor, in addi-
ton to somposition and temperature, in determining the
transpart properties to be anticipated. When A,, and 8p are
sirlar in magnitude, anomalous diffusion (involving both
Fickian and relaxanion processes) is probable. For (DE3)p
4 |, rubberv-state or viscous Fickian diffusion is sxpecred,
while for (DER)p » |, =lastic, or giassy-state Fickaan dif-
fusion may occur. Vrenras er al thus suggest adding the
Deborah aumber critenon to the remperzature-acavity dia-
grams of Alfrey’ or Hopfenberg and Frisch’ for 2 more
general prediction of the type of~transport behaviour to be
anucipated.

A recent study® of transport in the system vinyl chioride/
PVC employed powdered polymer samples instead of the
film specimens almost umiversally used in previous vapour-
sorption wotk an polymers. In powder samples, diffusion
paths may be reduced by orders of magnitude below the
practical limut in films, and 1t is thus feasible to investigate
transport behaviour at high vajues of (DEB)p. The anticipat-
ed, but lirtle studied range of glassy-state Fickian behaviour,
and the interesung transitton from Fickian to anomalous
transport, can thus converuently be studied.

This paper considers the ditfusion of viny! chionde mono-
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MODEL FOR FICXIAN DIFFUSICN IN UNIFORM-SPHERE

mer (VCM) i1 4 varisty of PV rasin powders. A model for
Fickian diffusion in a system of small, uniform spheres s
presented, and it is shown that sorption daca obeying this
madel are opbtained within certain limits of sample type and
VM acuvity. Superfic:aily sumilar deviations from the
made] are caused by partcie non-aniformity and by a con-
mbuton rom relaxation-controiled transport. Experimen-
tal methods for distinguishing these 2{fects are presented.
Subsequent papers in this senes will consider other
rapour/polymet powder systems and extend these studies
to situauens (larger particies and fugher vapour activity)
whete relaxaton-controlied transport becomes an wcreasing-
ly mportant factor.

EXPERIMENTAL
Matenals -

Polymes: samples used in this study included a number of
commercial and 2xperimental FYC homopoiymers made by
wspension. |, mass- , and emulsion-polymerization tachmques.
All wers used i the powder form obtained directly from
the polymerizanon process by normal recovery and drying
procadures. Particle structures were characiznzed by optical
and 2iectron microscapy and by mtrogen-adsorpton surface
irea measurements. A few measurements were aso made
on 2 sample of ogid PYC film. Specific samples are descabed
whers perunent in the body of the paper.

Cuiprment 2nd procedures

The measurements reported hers were made with 1 re-
cording Eleztrobalancs (Model RG, Cahn Divisien, Ventron
Sistmaments Jomp., Puamount, Califsrmua). The balance

was mountad in 1 glass vacuum chamber with connections
t0 1 sourse of YCM vasour wnd to vacuum pumps., PVC

sampies were suspendad Tom the balanes o 2 [ight Yumnium

van n22r the sottem of 140 am Xovar hang-dowm tube,
whugh was surounded by 1 mrculating liquid jacket Jor tem-
periture rontroi. Sarmple weighis were from 100 o 300 mg;
use 2f the galance at | 29 seamuviry thus could derect
weigne changes 2t gnail as 2 ppm. The gormal procadure
was ‘g evacuate the balancs chamber unul the sampie
reached constant werght, then dmit VOM vapour to a selec-
:ed pressurs ind record weight change sath tme on 1 stp-
chart ecorger (Bewiett—Packard 7100B). Pressures wers
measyred to =0.1 mmHbg *th 2 strain-gauge Taosducsr ind
digitas voutmieter. Because of ihe large vapour volume ind
smail samopte sioe, sorsuon aused neglimbie changs in ores-
ure 1ter in aciten 2f YO nagour.

The iiffusien 2cuacons uied 2 najvung e data imume

hat thanges of Jrassuzs. mid sonsegueatly of surface sSncan-

TG0, 1t mace msmnaneocusiy. Tus caonditon can e
slosetv iprreacniec Jor imereases of Jressure; by Ynagng 3
anail vesse: ‘o 1 measured VM pressure, then quickly ogen-
ing thus vesse: 13 :ne salanes shamber, pressure couid e n-
seased t0 1 sreceterzuned vaiue im0 1 fe'w enths of 3 sagond.
Sqcn inarg decreases A gressure, sspeciady fo Zsro, dre 2ot
so samiv acueved. Usung od dirfusen ind mechanical pump-
g, 1qud utrogen 1r2ps, nd iarge vacuum ines, pressure
zouid se =duced rom, @y, 200 mm (o ~30 um i one
munute. 0 most sxperunents, the halfevacuaton ame was
sonmcersely less than the half-desorption Ume, 5o no cor-
rezzons were made for e non-instantanecus pressure
snangs. The response of the balunes ind recarder provided
usefuy Jata segnnmung withun 3 40 § sec after 3 pressure
change.
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Comparison of experimental data with Fick's Law requires
a soluuon of the diffusion equation appropriate to the
sample zeometry and expermental boundary sonditions.
The sunplest geometry for powders s a collecgon of sphen-
zal particles of vruform swe. Thus condition can i face be
closely approached w1 PYC powders prepared by smulsion
polymenzaton. Consequently, is 2 model to approxumate
Ficxan sarpuon of VCM by PVC resmns, we have used
Crank’s soiution* {or the non-steady-stace diffusion w1 a
sphere in the case of umformm iniual concsntradon through
the sphere, 2 constant zoncentration at the surracs, and
constant D. The equarion for this case is:

M, 6 1 ) - "
;lr-{: =] - ) Z = exo( —-mn-.-.--’-r/dl‘-) )
n=1

where J, is the weight of penetrant entering or leaving the
sphers m time ¢ after an instantan2ous ciange in surface con-
centrition, Jla 8 the total weight change after infimite time
at the 1ew surface concentration, n is the series of integers,
D is the diffusion coefficient, aind  is the diameter of tne
sphere.

The following assumptions are implicit in applying
equanon (2) to VOM sorption or desorpuon sxperunenty
on PYC powders.

(1) Diffusion obeys Fick's laws.

(2) D is constant aver the concentraticn range covered
by the expergnent.

(3) The soiution for a sphere s 1pplicable 10 1 sample
consisting of many sohencal particies of uniform sizz; 1.2,
diffusion ocsurs in each particle indepeadanty, with no
uterparticle diffuson.

{4) The PYC powder does, indeed, consist of unuform-
uzed spheriea zarucies.

(5) At the start and =nd of :he experiment, the VCM
concentration s wuform through the particles.

(6) The VCM conemtration it the particle surface 3
always at squulibnum with the surrounding vapour phase.

(7) At tme zero, the VCM pressuce 15 mstantaneously
¢hanged to 1 dew value, thus immediately changng the sur-
faca VCM cogesarmnon of the particies.

(8) The VCM conceamadon i the partcies s zero -
allv :n the case of sorpuon starang at ero VOM sresurs,
id zgro dnaily for desorpoons o 2ero pressure.

15) TAers is no concsntragon adient o fe vapour -nase.
and 10 surfacs aver afest: 2., ransport 5 dmared ondy ‘
gv iiffuson within the PV C zarucies.

[f 2i] these assumpoons are vaiid, thea :guation (7) Wl
desczo= the weght zun (o (g=s) 28 3 funclion of 2me ;1
VM sorpton {or desorpton) sxpermmens. Tous 2quancn
predicrs that the time required Jor a Ziven itaction of the
aitumate weight change o ocur 5 adependent of the
fmnaj or Anal VOM ecncsntranon (or pressurs), md .5 aro-
soruonal 1o the rato Z /0. Thus aco, then, mn de deter-
mined 5y Jtnng squatdon (2) 1o the axpenmental data, 7ut
svaluanop 2f D requures independent det2mmunauocn of the
particle diamerer.

To test the igreement berwesn sxgenmental datz and
the model, ~o zractucal representauons of 2quanon (2) e
nseful. As shown in Figure [, 3 olot of M), \Va (ot 00 M)
againsi the square oot of time s uaaily nearly linear, then
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Q 20 4Q 60
1¥2(sec!’2)
Figure 1 Plar of MMy 3. rm, caleulated from equation (2) with
dD = 10% sec

80Q 12C0
#(see)
Figurs 2 Plot of lag(l — Me M=) va. &, calcuiated from squation (2)

with g%, 00 = 10% e

|

bends over 10 1pproach 4 weil-defined lirmt. A piot of log
(1 = M/ Mo) vs. 2, 28 Figure 2, snows mnal survature,
then approaches 1 straght line. Each of these plots 1iso
offers 1 means of svaluaang Z /0 ftom sxpenmental sorp-
uen data, From zquadon (2) it can be shown that 7 s, the
ame at which M, Mo = 0.5, or the “haif-sorption tume’, 15

d
tg.5 = 7.66 x 10™3 o (3)

for r in sec, d in ¢m, and D : cm?/sec. Thus ¢y 5 may be
interpolated from a plot of My/Me, or of My, vs. £ 112 and
d?%/D evaluated by sguation (3). Altermatively, 42/D may
be obtuned from the limiting siope of the log;g(1 — M/Ma)
vs. ¢ plot:
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230542 ©)

Slope = —~

.

The determination of ¢ 2/D from half-sorption time depends
mainly on the data in the eatly stages of sorption, while the
log(l ~ M,/Ma) method emphasizes the later-stage data.

FICKIAN, UNIFORM-SPHERE BEHAVIOUR IN VOM/PVC
SORPTION

Sorpton and desorption rate data for VCM in 2 wide variery
of PVC powiler samples have been obtained at temperatures
from 25710 110°C and VCM pressures from zero to 700 mm.
The experimental data thus extend wel]l below and above

the glass transition temperature of PVC (T, ¥ 85°C). Rela-
tive VCM pressure, P g = P/Py, where Py is the saturated
vapour pressure, ranged from zero to a maximum of 0.23 at
25°C (where £y = 3000 mm) and to a maxumium of 0.04 at
110°C (Fy = 19200 mm). The form of the M, vs, t1/2

curves was found to depend both upon the type of PYC
sample used and upon the pressure range and temperature
of the experiment. Curves closely fitting the Fickian,
uniform-sphere madel, equaton (2), are found under limited
conditions of VCM pressure or termperature, but only for
samples which closely approxumate the “uruform-sphere’
requirement,

‘Uniform-sphere’ PV C samples

By emulsion polymerization, it i3 posstble to prepare PYC
powders which consist of sphercal parucles of diameters
from approximately 0.1 to | um, with very narrow size dis-
mbutions. The M, vs. ¢ Y3 curve from a typical VCM sorp-
ton experiment on one such monodisperse sample is shown
in Figure 3. The 2xpenmental data conform very well ta
the curve caleulated from equation (2) using the d %/ value
obtained from :he half-sorption time and equation (3).

In the case of PVC resin powders made by suspension
or mass polymerzation, the gross partcles (roughly 100 um
dismeter) seen at low opdcal magnifications are neither
sphencal nor umform in size. Electron microscopy has
shown, however, that these gross particles are agglomerates
of primary parucles (~1 to 3 an diameter) which are appro-
xirnateiy spherical and fairly uniform in size within a given
resin sample. Thus observauon suggested zpplication of the
uruform-sphere model 10 sorpron data on the suspension-
and mass-polvmenzed PYC reuns. Figure 4 shows an {ilus-

;
QF

o iS ‘ 30 30
r12(sac¥?)

Figure 3 Plat of MyM. vs. t1* for VCM sarption by 0.44 um
emuision PVC, 23°C, Py = 0 +0.0037. O, Experimental; =~
equation (2} for tg.¢ = 7.3
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0

o Q

20
22U sge)
Figure 4 71aT of MM v3. ¢/ for VCM sarotion by susoensian

polvmerizad PVC, 40°C, Ay * 0 —0.0048. O, Sxpanmentai;
equatian (2} for tg g = 38.4 mec

trative M, vs. ¢ /2 curve ftom 2 VCM sorption experiment

on a suspension-polymernzed PVC, the agreement of the

data with equation (2) shows that the uniform-sphers model
is an adequate approxgnatcn {or this partdcular sample.

The degres of agrezment with the model, however, varies
considerably among differsnt sampies of mass and suspension
types of PVC. [t will be shown below that such variauons
among samples can be relatad to the uniformuty of their
parucle structure,

Ternperature and VCM sressure condirions for Fickian
behaviour

For samptes of xnowr: umform-sghers partcle strugture
{monodispetse smulsion FY ), VOM sorption ar desorptian
data Stung equadon (2) ire cbrzined only wathin certan
conditions of VCM pressurs and tzmperature. AL tempera-
nures selow Tg, such ampie rca.m behaviour i3 ooserved
anly for sorption runs covering very small increments of
VCM pressure (P incrmments of 0.01 or less), and for de-
sarpuon runs to zero pressurs. Above Tp, equation (2
obeyed 1 sorpuon or desorogen runs over the full frgy
ringe zovered by the data. Experhments outmde these con-
dirtons invariably lead to dow changes 1 sample weight
connnuing long beyond the tdme required to reach squuli-
bnum aczording to squaticn (2). Thirsort of denadon
rom the Fickan uniform-spners model wall 1lso be dis-
Tussed Helow,

Derermunarion of Jiffuaon soericent -

When the PVC smnpie and xpermental conditicns sro-
duce iata 3rng the Fckean, wmurorm.soners model, the
Ag0 2 -0 5 most ~sadily detzrmuned Tom the half-sorpaon
ame. Serpacn or iescrouon :Xperiments are fun to dif-
fusion :qulibnum o sstiowush .M, then the ume, g 5, it
whueh S, = 0.3 ¥o. is “sad from wm M, vs. ¢ 12 plot, or
directiv ‘rom the secorder mace of werght vs. dme. D3
then cajculaten na fgquanon (3) from 7y 3 and 4

The zarmcie diameters used i caicuiadon of D were de-
rerunied Jrom N1 2d30roUON FUTTace area measyrements.
Fre spheres of densty 2, the swiacs-ig-weight rano is 9/ad,
thus far 2VC {(p = 1.3}

(3)
- ~ . 3 T -
where $, is the specific surface 3rea in m=/g and J is surface-

averzge particle dizgmeter in um. Thus measurs of parucle
size 1gress reasonably well with electron mucroscopy for

a, =4.29/5,
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both emulsion PVCs and the prmary paricles of suspension
resins.

Diffusion coefficients deteqmuned by *his-procedure for
amuision, suspension, ind mass PYC ;sqins 1re 1n good agres-
ment. This result indicates that the :ate-<controiling {actor
i VCM diffusion :s the dimension of the pnmary particies
in each ¢ase, aot the agglomerate size 1 suspension Of mass
resins. Use of the agglomerate size in calculating D from sorp-
don datz would wncrease D by savery orders of magtude;
this factor 2upears to aczount [or the discrapancy betwesn
our resuits and those reported by Wolf and Xreter®?

Temperarure dependence of D

The diffusien coerficient for VCM in PVC has been de-
terrmuned from half- -sorpuon ot -lesorption times at tzmpera-
tures from ‘1§ o 110°C. It was necessary %o use samplcs
of diffening d, in duwrem iemperafure (anges, KNes g3
becomnes inconveniently long at low T whea &; is relatively
large, while 5 5 is too short to measure aczurately at the
higher Ts when d, is srmall. For the deterrmunatdon of D,
only data closely aporoxunaung the Fickoan, uniform-sphere
model wers used; these data therefore coverad low VOM
pressures and VCM in PVC conczatrations up to ~2 mg/g.

Results of these measurements are presented ag an
Archenius plot in Figure 5. The agreement among samples
is good; most of the scatter may be aitnbuted to unesrtunty
in 4, Since thesa samples coversd the molecular weight
rmge found among commercial PVCs, it does not appear
that 0 vanes significanty with molecular weignt in thus
range. The value of D also 1ppears to oe insansiuve to the
type of PYC resin, as emulsion, suspension. and mass resins
Zve very sumyar results. The strzight line of Aigure 5 indi-
cates an ictivadon #mergy for diffusion ot 17 kcal/mol.

The :quation of this line:

D =3.7exp(~17 OCO/RT) (6)

may be used o astmmate D over the temperature range of
the data.

T TE ceaukia 01 sorpaon md desorption runs on
r.he same sample and over 1 sumular VOM orEssUre (nerement,
it 'was generaily observed that desorpoon was somewnat
slower than sorpuon. Figure § dlustrates thus 2 7fact for a
representanve set of sorption and desorpuon data, plotted
13 M, #s. r Y2, Consequently, values of D s=iculated from

ohl -
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Figure 5

Plat af laq O 1. /T for ¥YCM arifunon in PV C powders:
* soronan; 2, descronoen R
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fg.x for desorption are Jower than those from sorption runs;
thus trend is apparent w the Jara shown in Figure 5. Such
an sffect :s chamcterisde of systems wherz £ increases with
mcreamng soncentraton of the peatrant'! and thus does not
seem unreasonibie here, smee VOM does rend to plasticize
PVC. To confirm thus atfect and sswanace its magmrude, we
have Jetaruned D from saveral series of sorpuon 2xper-
ments o which the VO oressure was increased mn succassive
stens Cnterval sorsGen’ sxgenmendst Results of such runs
10 30° and 30°C are :hown in Figure 7 as plots of D vs. &,
where 7o the 1vemee VO 2oncentravon m the PVC dunng

Resuits on ngid PVC fiim
For sorprion by 1 plane shest or flim, the relation anale-
gous to aquatan (3) for spheres is:

12
{
= O-O’ g (7)
.5 D

GENCO017246

where /s the film thickness'*. From the D values ooctaned
on powder samples, equation (7) predicts inconveaiently
long experimental times for measurements on films of any
reasonable thickness. Yet it does seem impoctant to estab-
lish whether or not the 0 values determined in resins would
also apply to fused PYC iterns. For this purpose, VCM sorp-
tion measurements were made on 2 sample of expentmental
extruded ngid PYC fim which contained 2.5 % w/w of a tin
stabilizer as the only addiuve. Sections of thickness 0.005
amn were used in VOM sorption experiments over a pressure
interval of 0 to ~100 mm at 25°, 70°, and 90°C. The
iratially linear 3, vs. 1 1/2 plots, shown in Figure 8, indicate
Fickian diffuston behaviour. Only at 90°C was equilibrium
reached wathin the time available. For the other tempera-
tures, M., and fp 5 were estimated by assuming the equili-
brium amount sorbed would be similar to that sotbed by
powder samples, The estimated values of O at 25°, 70°,

and 90°C were 3.1 x 10~12,8.0x 10~!!, and 5.4 x 10~10
cm?/sec, respectively. These values are somewhat hugher
than the average Ds for pure resin powders (see Figure 5),
suggesting slight plasticization by the stabdizer. Yer the
order-of-magrutude agreement indicates that the pure-resin
D vaJues should be applicable, to a fair approximation, in
estimating VCM migration rates from rigid PVC products.
Cther support for this approximation has recently bean ob-
tained from the good agreement between observed VCM mi-
gration rate into water from PVC pipe and the predictions
of a mode} based on pure resin diffusivity values?.

These few measurements on PYC {Iim demonstrate an
important experimental advantage to the use of fine poly-
mer powders instead of sheet or film specimens: the
measurement of very low diffusion coefficients can be
brought into in experimentally converuent time-scale with
rowder samples. For exampie, the half-sorption tyme for a
0.005 ¢m film with D = 10— 12 em?/sec is about 14 days;
but for a powder of t um particle diameter and the same D,
fg.s is only 76 sec.

R0 Be Padh v LTEARARR b Y AR L e e
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DEVIATIONS FROM FICKIAN, UNIFORM-SPHERE
MODEL

It was noted above that sorption or desorption vs. time
data fitung aquation (2) are obtained only when hoth the

!

<

1Q 20 30 40
}
2 min’?)
Figure 8 Plat of MMy v3. t* fgr VCM sarption by 0.005 ¢m rgid
PV C film. 9, 23°C, %, 70°C; @ 20°¢
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Figure § Deviation from equation (2) due t0 nen-Fickian soranon;
M. vs. /% for VCM sorpuon by 0,44 an manodisierss emulsion
PV, 30°C, Pre = 0.02 +0.05. & Qbserved: —— anf
saquation (2 -
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Figure 10  Deswanon fromr equatian (2} dus = maracie non-
umiformity: Weva. o3 for VEM tomtion oy commercial jusoennion
AVC, 0T, Py * 0 =0.015 3, Obwerved: —— ana ,
sauanon (2}

Q Q 30

PVC sampie and the VCM pressure range of the sxpenment
meet Jsvtan requirsments. Expermments outside sither set
of requiremtents fead 1o weight changes wiich continue
‘ong 7evond the equilibration ime predicted 3y the model
{or the 1ppreorate vaiues of d %D, While the resuits are
superically very sumuar, it is possible to dismnemsn clearty
w0 Ingesendent =wses of tns Sehaviour: pardcie non-
mifermty wd lcn-ciciGan diffuaon.

Disancnon serwesnt Jarniele non-umiformury md non-
Fiean affecs

These two 2ffuacts can de separated by aporopnate shoicss
sf sampie 1nd axpenmental sendinons, For sxampie, {or 3
monodisgerse smuisicn FVC (whase sorpuon—ame curve
over 1 small VCM pressure mncrsment Jts eguagon 2), devia-
1008 {rom e Todei n sorpaon over 1 largee aressure in-
Temient cannot e artnpurted o particle nen-umformury;
thus 1 sontrbuton of 1 2on-Fickan diffusion procsss is in-
dicated. Conversaly, wien dow equilibranon is observed in
sorpuon over 1 snall YCM pressure increment (one whuch
gves data Jrring (2) for 1 monodisperse sample), the devia-
non from the model ¢can be atinbured to paruncle non-
uruformuty. Simularly, slow equilibrauon in sorpuon or de-
sorpuion at 72> T, (where the model 1s opeyed for umform-
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parnsle samples) is also evidence for particle non-uniformity.

Figures 9 and /0 show sxamples of sorpaon—{ime runs
in which the deviadon from the Fickian, uniform-sphere
modei can ciearly oe artribured to particle nog-umformity,
in one case, ind non-Fickan diffusion m the gther. The
amijanty of the sxpenmental curves shows that thess sorp-
zon data done would be wnsufficent to disunguish the
cause of the dewaton; the partcie structure and pressure
increment must aso be considared.

By suitable experimental design, then, 1t is possible to
use sorption--{ime data unambiguously (0 cotan informa-
non ahout ither pamcle non-uniformity or about the non-
Ficlaan diffuaon process. Both sorts of expenment will be
discussed urther w1 the following sections.

EFFECT OF PARTICLE NON.UNIFORMITY
Results on commereigl resin samples

Sarpucn or desorpuion curves on many commerdal
suspension- and mass-polymenzad PV Cs, run over small
VCM prassure increments, give M, vs. ¢ /2 plots approxima-
ting the uniform-sphere Fickoan modsl. However, when the
same data ars plotted as log(l — M,/M.) ve. ¢, emphauzng
the later stages of surption of desorpuon, substanual devia-
tioas from equation (2) are apparent. Figures [/ and /2
compare the two types of plot for a sorption mun at 90°C
from vacuum to 200 mm VCM pressure (P = 0.015) fora
represntative mass-polymerized PVC. Since the high rem-
perature and imall pressurs increment tend to eliminare
any nen-Fickaan contnbution, the deviation from equation
(2) may be attributed to parucle aon-uniformty.

Pravious kmowledze of mass- and suspension-2VC particie
struc:ure is consistent with a possible effect of non-
unifo-mity on rate of VCM removal. It has long Seen recog-
ruzec That ¢srtamn resns Sontain a small portion of non-porous
paruc.es often wenufied with 'fish-eye’ problems. These
parucles ire detectable by thewr clear appearance urder 3
low-power, opticai qucToscope, W contrast (o the apaque,
wiute appearance of porous particles. They are believed to
arise from excsssive knitting-together of prmary partcies
dunng polymerizaton to form solid PYC regions wiuch may
be 1t large as the gross aggiomerated particles of the ;eun,
i-2., up 10 about 100 ;an. Now if thus dimension, rather than
the few-mucron prumary particle diamerer, 18 the controiling
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Fiqure 17 Plat 3f s vx. ¢¥7 for VCM sorouen by sommercial

masroolymenzed AV C, 3078, Puay * 0 = 0.015. I, Obsarved;
—, squanan (2) for rg.5 = 5.2 sec, W= 1.23 mg/g
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Figurs 12 Same data and curve as Figure 11, plotted as logll =
MpMu) vs. ¢

i AL, s )
O

OOB

1
C Ci- —
Q ! 2 3 4 5 6 7 8

r{min}
Figure 13 Curves calculatud froem equancm {8} for unifor and
mixed particle sizes, with 0 = 2 X 1070 et rsec, A, 100% 4 wm
particiss; 8, 95/5 % whe 4 am /a0 um: €, 30/10; D, 80/‘20. £, 50/%0;
F. 100% 40 um

B W
factor m rate of sorpGan, thea the non-porous particles will
sarh VCM much more sdowly than the porous ones. The
sresencs of 1 few such paracies in an otherwise porous resin
thus sould weil ceount for slow sorpuon or descrpuion of
the iast ractoan of the total VO,

Mode! for 1on-uniform parricles

The effect of 2 aon-umiform particle size can be predicted
through equation (2) by amply adding the curves calculated
for vanous particle sizes in zroportion to their weight frac.
gon n the sampie. Thus we may write:

o

1
e LD

where X, 1s the weight fracdon of particles having diameter
a,. To illustrate, the curves shown in Figure 13 have been

GENCO017248
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calculated by applying equation (8) to hypothetical mux-
tures of 4 and 40 um particles for desorption of VCM at
90°C (D = 2 x 10=10 cm?/sec). .

Experimental confimation of the modei for non-uniform
particles has been obtamned through measurements on two
resins of different average primary particle size (. d, = 1.9 um,
and d =720 wm) and on 2 deliberate 90/10% w/w muxture of
the two. The results shown in Figure [+ agree well with the
form of the calculated curves of Figure [3. The VCM de-
sorption curves for many commercial suspension and mass
PVC resins are aiso in qualitative agreement with their rela-
tve non-porous particle content judged from microscopy.

It thus appears that the effect of non-uniform particle
size upon the Fickian sorption of a vapour by a polymer
powder can be modeiled rather simply through equation (8).
The consistency between experimental data and this model
suggests, moreover, that vapour sorption measursments may
be a useful method for obtaining information about the
particle-size distribution of polymer powders. From calcula-
ted sorption~tume curves for muxtures of two particle sizes
(=.g., Figure 13) 1t 15 seen that the slope and leve] of the
curve at the longer tumes are dependent on the size and
weight fracdon, respectively, of the larger particles. Simiar-
ly, the curves at short times reflect the size and weight frac-
tion of the smaller partcles. [t seems clear that the presence
of more than two sizes in the population would cause 3
more gradual change in slope. In principle, an ¢xperimental
sorption tuone curve seems to contain the information needed
to derive a weight-fraction particle size distnbunon for a
polymer powder. Extracuon of the size distnibution by
fitting equation (8) to the experimental data, however, may
be a formudable task. A prerequisite for thus technique, of
course, wouid be the dernonstrauon that the chosen exped-
mental conditions produce Fickian behaviour with a sample
known to have 3 uruform particle size; without this evidence,
it mught be unpossible o distnguwish particie-size distnbution
effects from a contribution of non-Fickian sorption.

NON-FICKIAN DIFFUSION EFFECTS

Even with monodisperse, emulision-PVC samples, sorption
experiments below T, and covenng YCM &) increments
greater than about 0.01 show 1 much slower approach to

3
N i,
¥ oo “\
RN -
o3t \
|
. . i J
oCls 1 > 3 a4 5 6
t{men)
Figurs 14 Experimental logi{l — r/M,..) v, [ cueves ‘ar uniform

and mixed particte sizes, 30°C. O, d, =1.3; %, d * 20 um; + 90/10
% wiw 1.9 um/20um
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Uitrusion of viny! chigride in PVC powders: A. A. Serens

A, g lg)

Fexeqn diftusion
! '

Q 4 8 [ 6

MY mint2)

Figure 15 Schermauc sparanan of diffuuion ang relaxation con-
mibungns 10 VOM somuon by sisoension PVC, 50°C @ A = 0=
0.002: 0, P.gy = 0.002 ~0.019

equilibnum than predicted by the Fickian uniform-sphere
model. [t 15 suggested that thus behaviour represents the on-
set of 1 non-Fickan, ralaxation-controlled mode of sorption
superumposed on the Fickdan diffusion, as indicated in
Figure [5. A somewhat aumnilar ‘two-stage’ sorption procass
has Je=n observed by Bagiey and Long'® for the sorpuan of
acerone by sthyl cailulose 2nd by Fupa® for several other
systems. Their nterpreiaion also sesms applicable to the
VM, PV system; @ the sariy stage of sorpron, the VCM
concentration gradient zrovides the maor dnving force and
the ‘ransport process is domunated oy Fickdan diffuson.
Whez the concentranon of VO resuiting rom tus procsss
15 3ulfciant to develop 2 Sgmificant swelling swress, the siow
rescoase of the glassy polymer to tus stress producss gragual
swelling of the polymer soucrurs and sermuts additonal
sorption. This sweiling—reizxaton jrocsss may congnue
sveq 1i7er the Ticiaan process has produced a virtually unm-
form concentriuon of VCM through the polyrmer; 1 ths
avent, the coninbution of Flelkaan diffudon becomes zegii-
Zibie, and the latar stage of ssrpnon is dominated Jy the
reiaxaton-controiled arocess.

[n the Ane PVC powders studied here, the short diffuson
satas result N squdibriGon Tmes is chOrT is 2 Jew Tmmutes
‘or the Ficxan nifusion srocess. Thaus dus stage may Je
sssentuly comurers Jefors ipprecabie sirsss-rriaxanca nas
cezurTas. The net czsult s 3 Arst stage wrucn S aqearly pure
Foxan 1iiTsion 1na 3 se2ond stage wnich s 2imost snnreiv
rlgxanen-ionircled.

I IsecrsTicn xsermments 1D 2 acn-iers VOM Zressure

-

n VM, PV C sowder sysiems, 1 zzawmbudon of the
relaxanica-ianeilen Jroessy isc s naicated, 23 the 3o-
oroacn o issorpuen :gwiitnum may Ye rery sow. In
desaorotans 10 zevo YO srassurs, however, de sammie
werrhy Joilows e Fiogan curve o 1 raoid “squiibrium’ of
zero VM zontent. Resorpuion :xpemmentst have proviaed
avigencs inat roneme ceiaxaucn of the 7V C zoncnues s a
dow procsss sven o the acsencs Of sorbed VM. It ippears
that. mcer sacium, dl af the sorbed VO 2scapes by the
rzod Ficluan process, Jut volwme-relaxation is aot neces-
saniy sompieted iurmng desorpron. Trus sehaviour closely
carailets the observatons of Barrer, Barne, and Slater'®
seucies on ethyl s2ilulose.

in contrast o the two-stage sorpuon Hehaviour in the
glassy state, sorpucen and desorptioa :xpenments conducted

704 AT LVAED C8TT var 13, Luly

ihova T, appear to follow simple Fickian diffuson anends
over the VOM pressure rangs of the gresent data (Py =0 t0
~0.05). Thus, in the rubbery state, the relaxation process
seems sufficiendy rapid to be complete within the time scale
of the Fickian diffusion stage.

Thus study of the VCM/PVC system wndicates that vavour-
sorption expenments on polymet powder samples (n the
glassy state offer 1 signuficant advantage over similar 2xperi-
ments with flm sampies, in that diffuston ind refaxation
etfects may be convemently separated. The short diffusion
dmes 2ncountered with fine powders germut the attainment
of ‘diffusion equdibnium’ betore ippreciable celaxanon
gecurs, The sxtent of first-stage sorpaon then reflects the
state of the poiymer essentally unperturbed by pengtrant.
swelling; this nas proved 10 be 1 usefid iechnique n issessing
the etfects of prior polymaer history on the properties of
zlassy PVC'. The rate of sorption w1 the first stage is prin-
apaily controlled by the Fickian process and, therefore,
may be used to estumate a true diffusion coefficient even
when the total sarption does not {ollow the Fickian modei.
Furthermore, sines the second.stage sorption 15 almost en-
grety relaxation-controlled, the kinetic and equilibrium
parametars descnibmg the siow rsiaxadon procssses can be
obtained from long-tume sorpuon data. With film specimens,
in eontrast, diffusion umes 2od relaxation tumes are oftan
compariable, hence senaration of r2laxation {rom purely
Fickan diffusion is oftzn impaossible.

Further studies on vapour sorption tn glassy pelymer
powders and mathematical treatments of the dara to sepasate
diffusion and relaxation rate constants wall be reparted
the pear future.
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Results of Experimental Program for
Determination of Vinvl Chlorice Monomer Diffusion
in Polyvinyl Chloride - Phase II

The results from the first phase of this experimental
program were covered by a report dated June 26, 1978. This report
was reviewed with Food and Drug Administration personnel at a
meeting in Washington on August 25, 1973. A need for additional
experimental work was defined during this meeting. A proposed
program to cover this additional work was submitted with a cover
letter dated September 5, 1978. A letter of October 19, 1978 from
the FDA approved the proposed program and requested spiking and
recovery studies using the FDA methodology to demonstrate the
precision and accuracy of the method in our hands. The procesdures
are described in this report. BAll analyses were obtained with the
FDA method with detection by FID.

1. Obijective: To detarmine the replicability of the FDA analytical
method for VCM as a function of time at about the 0.001 ppm
level in PVC pellets and bottles.

Procedure: Prepare a well mixed sample of about 40 pounds of
PVC compound pellets containing about 0.001 ppm VCM. Prapare
a4 watch of about S50C sixtccon-cunce bottles from thess npellets.
Analyze replicate bottles and samples of compound each month
for a period of several months. These data will define
replicability among bottles and with compound in which all
samples have the same VCM concentration.

Results: Analysis of the pellets and bottles by month are
as follows:

Pellets {as ppm VCM)

Qctober, 1978 November December Januarv, 1979
0.0018 0.0007 0.0014 0.0013
Q.0011 0.0008 0.0013 0.0012
0.0021 0.Q008 0.0018 0.0010
0.0007 0.0009 0.0020 0.0014
0.Q0007 0.0012 0.0009
0.0015

Average 0.00131 0.00088 0.00183 0.0011s
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, ‘ 2.
Bottles (as ppm VCM)
QOctober, 1978 November December Januarv, 1979
0.0013 0.0016 0.0014 0.0014
0.0020 0.0017 0.0016 0.0015
0.0020 0.001s 0.0020 0.0012
0.0012 0.0014
0.0022 0.0010
0.0014
0.0009
0.0006
Average 0.00176 0.00140Q 0.00167 0.00130

The Octcber and November analyses were obtained with all pellet
analyses in one time period and all bottle analyses in ancther
time period. As analyses appeared to vary with the time period,
the December and January data were obtained by analysis of a
pellet and bottle sample at the same time.

Conclusion: The standard deviations of the data indicate that
replicability of the analytical procedure over a short time
pericd (days) is about 0.0003 ppm and about 0.0004 opm over

a long time period (months) for VCM in PVC at the non-migration
level.

2. Objective: To determine if there is a variatioen in VCM con-
centracion in BVC bottles with time of blowing for bottles
blown from a well mixed compound pellet sample,

Procedure: The becttles blown for Part 1 of this program were
numerically marked as they were produced. Every tenth bottle
was set aside. Bottles for analysis in Part 1 of this program
were selected from a numerical distribution represented by the
"tenth bottle" samples.

Results: A list of the bottle numbers and the analyses , .
are as follows:

Bottle YNo. zom VCM Bottle Yo. pem VCM
11 0.0014 321 0.00290
41 0.00Q12 331 0.0014
51 0.00153 361 0.0016
91 0.0Q0¢8 401 0.001e6

121 0.0020 431 0.0016
141 0.0014 451 0.0020
151 0.0014 471 0.0010
201 0.0022 482 0.0008
221 0.0012
241 0.0017
281 0.0Q13
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Conclusion: There is no apparent variation in VCM concentration
wontavaLYt - , )
in PVC bottles with time of blowing.

Ohiective: To demonstrate that VCM does not diffuse from PVC
bottles to the contents with a VCM concentration of about
0.001 pom in the hottles and at accelerated storage conditions.

Procedure: Store eight bottles as prepared in Part 1 of this
program Lilled and sealed with vegetable oil for six weeks at
120°F., After completion of storage, analyze in triplicate Zfor
VCM.

Store twelve bottles as prepared in Part 1 of this program
filled and sealed with 50% agqueous ethanol for six weeks at
120°F. After completion of storage, analyze bottles in
triplicate for VQCM.

Results: Analyses for six bottles with corn oil after accel-
erated storage are 0.0026, 0.0024, 0.0025, 6.0018, 0.0010,
and 0.003% ppm VCM. Analyses for five bottles with 50%
agueous ethanol after accelerated storsge are 0.0014, 0.0Q007,
0.0018, 0.0014, 0.0011 ppm VCM.

Cenclusions: The average of the analyses of the 19 bottles
from Part 1 is 0.00147 ppm VCM. The average for the first five
bottles after oil storage 1s 0.00206 ppm VCM. The average

for the five bozttles afcer 50% acueocus ethanol is 0.00128 oepm
VCM., With 2 lzong tsrm replicahility of analyeis of about
0.0004 pom VCM, the three analyses are prcbably not different.
This demonstrates that VIM does not diffuse fzom PVC bottles

to the contents at this VCM concentration in the bottles,

Objective: To determine the diffusivity and activation energy
of VCM in PVC at low VCM concentrations.

Procedura: Repeat the procedure described in the proposed
program Part 3 included with a letter to the Hearing Clerk of
March 6, 1978. A different d&rying procedure was used Lo remove
water from the resin samples which has been demonstratad to
remove water without chance in the VCM concentration.

Results: Inisial VCM concentraticn in the resin was 0.614 pom.
Exverimental cdata are as follows: (all values as ppm VCM)
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ETHYL CORPORATION

REsrarcH axD DEVEIOPMENT DEPARTHENT

Februarv 21, 1979

PLLASE AODAEAS REPLY
TQ: ® Q. 8AX DA
BATON RAUGE, LA 70621

Dr. Rowert Livingston

Food and Drug Administration

Division of Chemistrv and Physics

200C Strz=et, S.W.

Washington, D.C. 20204 Mail Code HFF-144

Dear Bob:

We have ccmpleted the experimental data in accordance
with our prcposed nrogram of Septemkber 5, 1978. Data complete
in December were included in a letter to yocu of December 12, 1978.
This i1s an informal report of the remainder of the data,

Ccmoound and Bottle Analvsis

Continued analyses of compound pellets and bcttles
blown from compeound from the same batch as the pellets are as
follows:

Average
Pellets-(January) 1.3, 1.2, 1.0, 1.4, 0.9 ppb VCM 1716 »cb
Bottles- (January) 1.4, 1.5, 1.2, 1.4, 1.0 ppb VCX 1.30 opb

The December and January data were obtained by analysis cf a pellet
and bottle sample at the same time. This was done because our
Qctober and November data were obtained with all pellet analyses

in one time period and all botitle analyses in ancther time period.
There was an indication of analy*ical variation with the time
pericd.

Oil Storace

Bettles stored with comn oil for six weeks at 120°F
wera analyzed by TID. Individual bottle analyses are 2.6, 2.4,
2.3, 1.3, 1.0 arnd 3.9 nob VCM ZIor an average of 2.06 opb Zor the
€irst Zive zeitles zand 2.37 for the six bottles.
Agtivatlcn Inergv

ne sequential steam stripping periods are:

itial VCM concentration in “he resin was 0.614 ppm.
b}
=2 as ppbh VCM]

In
Analyses aZit
(analyses =

GENCO017254




-»
+

ETIIYL CORPORATION

RESEAMCE AnD DEVELOMMEAT DEfasTHENY

Dr. Robert Livingston

February 21,

Page 2

Stripoi
Q

ng Temp.

After
First Strip

Composite

Temp.

100~-70°C
70-560°C

9.0, 8.5
15.4, 10.5
3.8, 5.3

7.8, 10.0

First Strip

18.1 X cal
15.8

After
Second Strip

After
Third Strip

3.1, 3.4
1.9, 1.3
3.0, 1.8
3.8, 3.4

Second Strip

15.3 K cal
25.7

Third Strip

9.3_K cal
25.5

s

Feed for the third strip was a compesite that analyzed 3.3 popk

VCM.

and the data included in the December 12 letter.

GAH:mfl

ce: Dr.

Sincerely,

A

G. A. Hughmark

D. Dixler = Reller and Heckman

We are preparing a formal report to cover these data

GENCO017255



Stripping Temp. After After After
-}
C

First Strio Second Strip Third Strip
50 0.0038 0.0031 0.0017
0.0053 0.0034 0.0023
70 0.0154 0.0019 0.0014
0.0105 0.0013 0.0016
100 g.008%¢Q 0.0030 0.0018
0.0085 0.0018 0.0027
0.0021
Composite 0.0078 0.0028 -
0.010 0.0034 -—

Feed for the third strip was a composite with duplicate analyses
of 0.0033 and 0.0033 ppm VCM.

The Appendix to the report of June 26, 1978 describes the
calculation of diffusion coefficients as D/a®. Calculatsd values
from the akove data are:

D/a?* (sec*’)
Stripoing Temp. °C First Strip Second Stcrip Third Strio
50 3.02-1073 4,57.10"° 4.18-.107°
70 1.26-107¢ 4.69+1075 1,39-1073
100 1.06-10"° 2.84.107¢ 1.22-107°

Calculated activation energies are:

Activated Energy
X cal/g Mole

Strip Initial vCM, oom L100=-70°C 70=-30°C
1 0.614 18.1 15.8
2 0.0089 15.3 25.7 .
3 0.0033 9.3 25.5

Conclusicns: The activartion energy for 50-70°C does appear

O iLncrease at very low VCM concentrations. The analytical:
reproducabpility is such that lack of precision of the analytical
values represents a lLarge error factor for the activation
energies at low VCM concen+tration. Thus, the thixd stri
activation energies are subject to a large error.
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ETHYL CORFORATION

RESEARCHK AXD DEVELOPMENT DEPARTMENT

February 26 ' 1879 PLLASC ADOMLES AEALY

TOL!L . O, BOX dal
BATON ROUGE, L4, TOS2!

Dr. Robert Livingston

Food and Drug Administration

Division of Chemistry and Physics

200C Street, S.W.

Washignton, D.C. 20204 Mail Code HFFP-144

Dear Bob:

The values for the VCM concentrations after the Zirst
strip were interchanged for the 50 and 100°C strips. Please
replace page 2 of my February 21, 1979 letter with the attached
corrected copv. '

Sincerely,

2R Y/ A0 gt

G. A. Hughmark

GAH:mfl
Attachment
ce: Dr. D. Dixler - Xeller and Heckman

bcc: E. Burt
A. Daniels
Gaeke
. J. Haefner

R. Lees

GO
O
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“TETHYL CORPORATION

- . Restamci axg Develorseat DerasTucwy

Dr.

Robert Livingston

February 21,
Page 2

Stripping Temp.
°C

After
First Strin

50
70
100

Composite

Temp. Range

9.0, 8.5
15.4, 10.5
3.8, 5.3

7.8, 10.0

First Strip

100-70°C

70-50°C

18.1 K cal
15.8

After
Sacond Strip

After
Third Strip

3.1, 3.4
1.9, 1.3
3.0, 1.8
3.8, 3.4

‘.

Second Strip

15.3 X cal
25.7

1

7, 2.3
4, 1.6
.7

1.
l.
.8, , 2.1

o8 O

Third Strip

9.3_K cal

25,5

Feed for the third strip was a composite that analyzed 3.3 ppb

VCM.

We are preparing a formal report to cover these data
and the data included in tne December 12 letter,

GAH:mfl
Dr. D. Dixler - Xeller and Heckman

cCc:

Sincerely,

Y

G.

A. Hughmark
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Non-Migration Level of Vinyl Chloride
Monomerin PVC

A.]. HAEFNER und G. A. HUGHMARK

Ethyl Corparation
Baton Rouge, Louisana

Recent evidence confirms previous findings that VCM in levels of 1
ppb in PVC bottle resins are nonmigratory and that such resins can be

produced in commercal quantities.

This is an update on the paper presented at the
SPE Meeting in April, 1968, At that ime we
reported experimental data that indicated a non-
migration level of about one ppb VCM in PVC,
Our recent work confirms this non-migration
level.

EXPERIMENTAL PROGRAM

A three part program was conducted following
discussion and review by FDA scientists. All low
level VCM analyses in PVC were determined with
the FDA analvtical method using flame 10n1zation
detection.

1. PVC bottle resin was batch steam soripped as
a dilute slurrv 1in water at 100°C. Heat up with
steam plus strip time at temperature was 1% h. In-
ter‘mecﬁate and final sampies were filtered and
dried at mild conditions prior to duplicate anal-
vsis. The expenimental data are as follows.

Time (min) VCM (ppm)

initiad 0.0031. 0.0025
15 0.0008, 0.0006
30 0.0006, 0.0005
80 0.0007, 0.0004
final (90) 0.0007, 0.0006

3. PVC bottle resin with an nitial VOM concen-
wation of 0.7 ppm was steam stmpped 1s an aque-
ous slurrv 2t 30. 70, and 100°C to develop diffusion
coeffictent and activution energy data 4s a function
of temperature and concentration at low VCM
levels. Sequential strips for 6 min at 100°C, 45 min
at 70°C, and 3.3 h at 30°C were used. Samples were
filtered and dned after each strip prior to analysis.
Unfortunately, we encountered a problem in the
drving procedure with the matenal from the third
stnp so that these data are not valid. Similarly,
feed analvsis for the fourth strip at 30° and 70°C are
notavailable. Experimental data are as follows:

JOURNAL OF VINYL TECHNOLOGY, MARCH 1979, YOL. 1. NO. 1

Stripping After After After After
temp,*C  firststrip second strip fourth strip  fifth strip
50 0.025 ppm 0.0074 ppm 0.0001 ppm 0.0012 ppm
0.0113 0.0004 0.0009
70 0.030 0.0040 0.0000 0.0021,
0.0030 0.0008 0.0010
100 0.012 0.0030 0.0010

0.0019 0.0010

Composite  0.023 0.0120
0.0091

Feed for the fourth strip at 100°C analyzed 0.0010
and 0.0004 ppm VCM, so a fifth strip was not re-
quired at this temperature.

3. Sixteen-ounce PVC bottles with an initial
concentration of about 0.0014 ppm VCM were
filled with 30 percent aqueous ethanol and stored
at 120°F for six weeks and 21.5 weeks prior to
analysis of the bottle walls. Bottles from the same
batch were filled with vegetable oil and stored at
120°F for six weeks.

Analvsis of six bottles from the same batch as
was used for storage showed 0.0011, 0.0013,
0.0012, 0.0018, 0.0014, and 0.0013 ppm VCM at
the time of filling. Analvsis of bottles from this
batch six weeks later showed 0.0014 ppm VCM
and 0.0018 ppm about twelve weeks later. Also,
samples of the ethanol and water for the aqueous
ethanol were analvzed to assure that there were no
interferences m these on the FID chromatograms.
Analvsis of six bottles after each of the storage tests
showed the following results. .

30 Percent aqueous ethanol Vegetable oil

6 Weeks 21.5 Weeks 6 Weeks
0.000+4 ppm  0.0009 ppm 2.0030 pom
0.0007 0.0012 0.001%
0.0007 0.0003 1.0040
0.0007 0.0066
0.0001 0.0032
0.0013 0.0009

Avenige 0.00063* 0.0Q0087 0.0031

“Average of @ 00076  the 0,000 ggm anulvis s ¢liminsted because of
apparent \ CM loss dunng anulvsis,

e
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A.]. Haefner and G. A, Hughmark

DATA INTERPRETATION

Results from the first part of the experimental
program demonstrate that VCM is reduced to a
concentration of about 0,.0006 ppm in PVC resin at
100°C and that no further reduction in VCM occurs
with continued steam stripping at this tempera-
ture. Results from the second part of the program
indicate that the non-migration VCM concentra-
tion 15 about 0.00l ppm and is independent of
temperature between 30 and 100°C.

The results from the third part of the program
show that the VCM in the PVC bottles filled with
50 percent aqueous ethanol decreased to shightly
less than one ppb after six weeks storage at 120°F
and then apparently remained constant tor the
next 15 weeks. This also indicates a non- migration
level at about one ppb VCM in PVC. The VCM
level in the PVC bordes filled with vegetable o1l
show a statistically stgmfxcant Increase in apparent
VCM in the bottles after six weeks storage at
120°F. We suspect that non-VCM components
were absorbed by the bottles from the oil and that
thes= reprecent interference with the FID anal-
Ys1s.

[nterpretation of the data from the second part of
the program :s complicated by lack of complete
data resuiting from the problem i the drving pro-
cedure. Diffusion coetficients and activation ener-
gies can be estimated from the data. The smipping
data are 1naivzed by assuming that the VCM re-
moval 1s controlled by diffusion from uniform
spheres to 4 boundarv with zero VCM. The rela-
tionship berwesen the concentration after a peried
ot stripping and the inital concentration is given
bV'.

22D a?

2Y1s)
n

Lo
| e

g
n:

L

where C. = imtal concentration, C = concentra-
ton at time . D = diffusivity, and a = particle
radius. Generallv one or two terms of this equation
are adequate for these expenments. The term D/a*
1s useful in calculating the ditfusivity rom PVC
resin data because the Damcle radius 15 unknown.
This equation is Jophicable because one week was
slowed tor equilibranon ot VCM in the PVC be-
hween siTios.

Dig* 59
stnpomng temp. "C Firsesmp  Second smp  Third stnp
T 328 x 107 374 < 10 Novahd data
~0 996 x 107* 321 x 10-* Novahddata
Gy L« 10 481 < 107 Novaud dam

Prior data obtained with high VCM levels in thus
PV'C resin snow correlated D/a values of 8 x 1072
and 8.3 x 107" 57t at 70 and 100°C, respectively.
The values obtained in this work are 1n good
agreement with the prior correlated values.

The VCM contents measured after the tourth

strip include the effects of both the third strip and
the fourth strip for the 30 and 70°C runs. For the
100°C run the VCM content was not changed bv
the fourth strip. Likewise, no significant change in
VCM content was noted from the fourth to the fifth
strnp for the 30 and 70°C runs. The results of the
fourth and fifth smps at 30 and 70°C and the re-
sults of the third and fourth strips at 100°C are
taken as measures of the same residual VM con-
centration.

A major uncertainty exists in any attemnpt to es-
nmate diffusion coefficients and the activation
energy for diffusion for 30 and T0°C for the lowest
levels of VCM. For the 100°C stnips 1t is clear that
the minimum residual level 15 reached at the end
of the third strip but this residual level may have
been reached ager the thurd strip or required some
or all of the fourth smp to reach this residual level.
Values of the diffusion coefficient estimated from
the average of all VCM determinations and the as-
sumption of 1 or 2 strips are as follows:

Value of Dig?, s-!

One smp  Twostmps
Stripping temp, *C required required
30 1.36 x 10-* 7.38 < [0~*
70 579 < 107 2.84 < 107?
100 5.76 x 07 Notreguired

The values of D/a? are shown in F:g. 1. The val-
ues for the first strip fall verv nearly on a straight
line and yield a value for the activation energy of

18.2 Keal. The values for the second strip show a
break and vield 19.0 Kcal for the activation energy
between 100 and 70°C and 29.0 Kcal for the activa-
tion energy between 70 and 30°C. Treatment of the
data from the third and fourth smps can vield a
range for the activation energy between 70 and
50°C. If it is assumed that one stnp is requuired for
both 30 and T0°C then the activation energy be-
ween 70 and 50°C 15 14.3 Keal while if it is as-
sumed that one strip is required at T0°C and two
are required at 30°C the activation energv is 24.2
Kcal. In both cases the activanon energv for the
100-70°C temperature segment is 18.1 Kcal. These
values are as tollows:

Activation energy,
Kealfg mole

Stmp  lmitial VOM. pom 100-70°C 0-50°C

1 0.7 18.2 182
2 0.023 8.0 2%.0
Jand 4 0.0108 18,1 14.3-24.2

CONCLUSIONS FROM EXPERIMENTAL
PROGRAM

e 3 non-migratnion level of 0.0006 to 0.001 ppm
has been demonstrated for PVC resin that 15 used
in bottle compound. This non-migration level ap-
pears to be independent of temperature in the
range ot 30 to 100°C.

JOURNAL OF VINYL TECHNQLOCGY, MARCH 1979, VOL. 1, NO 1
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Non-Migration Level of Vinyl Chionde Monomer in PVC
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Fig. l. Diffusion coefficignts for VCM «n PVC bottie resin.

o PVC bottles stored at 120°F with 30 percent
agqueous ethanol as contents show a non-migration
level of about 0.0008 ppm.

JOURNAL OF VINYL TECHNOLOGY. MARCH 1979, VOL. 1, NO. 1

FUTURE WORK

We plan to repeat the second and third parts of
the experimental pr(a)fram including CCMS anal-
ysis ot the bottles after vegetable ol storage to
separate VCM from inteferring components. This
is expected to explain the apparent increase in
VCM that was shown with vegetable oil. Repet-
tion of the expenments to obtain data for better
definition of diffusion coefficients and activation
energies can be accomplished bv elimination of
the drving problem that occurred wath the work
reported in this paper.

An expenimental program shall also be carried
out to determine the replicability of the analytical
method for PVC hottles. The entire bottle wall
from a bottle 1s required for a single analvsis so
replication data are not available for what 1s known
to be a large, constant VCM composition sample.
Simularly, variability in VCM concentration is not
known for botties in the same batch. This shall also
be determined. This work ts required because of
the small differences in VCM concentration that
are required with these experimental programs.

SUMMARY

Experimental data continue to show that there is
a non-rmugration level of about one ppb tor YCM in
PVC bottle resin and in PVC bottles with food
simulating solvents W:ith the possible require-
ment for 2 PVC compound at the non-migration
level, we have produced a commercial quantity of
compound in the one to two ppb VCM range to
demonstrate capabiuity of manufacture or this
compound.
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Methods, research, testing*

For such vinyl containers,
tests show that maximum
YCM in contents can be
heid below 50-ppb level

By G. A. Danieis and D. E. Proctor

scent problems with vinyl
R chlonde monomer (VCM) ex-

traction by acoholic contents
from polyvinyl chionde (PVC) bottles
nas caused concern about the use of
this matenal for {ood packamng. This
paper presents the development and re-
sults of 2 model, which provides (ne re-
lauonsmp oetween YCM mn PVC bot-
des and the maximum concentration in
(he contents.

The results predictead from  this
model show that the maximum YVCM
Soncenauon in oottle contents can be
controllea below the levei that is ax-
pected to pe required by the Food and
Drug Admmistanon (FDA) for food-
grade PYC contamners. These low bot-
de-content concenUauons require a
PV C bottle compound with as low as |
part per mulion (ppm) VCM. We are
aoie 10 produce this compound at some
increase 1n cost. Whiie this low YCOM
leve! compound may be requued for

The authors: Mr Janieis (rngnt) ana Mr
Pracior ars associated with the Resaarch
and Oevelopment Oept, af Sthyi Coro.,
Saton Rouge, LA, Mr. Damels ;oineq
Ethytin 1985 and is an exgert in the
application of the transpart grocesses.
Mr Proctor has 10 years experence in
plastics oroeessing ana s raspansitée for
rechmicat service ror PVC dlow-maoiging
compaundgs.

VOM exiraction irom PVG botiles

food use. a higher level VCM com-
pound would e appropnate for other
reguiated but non-food uses. Fig. |
shows typiead regulated and non-regu-
lated PY C totdes.

Statement of problem

Part of residual YCM 1n PYC bottles
at the ume of filling is extracted by the
botrle conients afler ume 10 storage.
The VCM concentrauon in the com
tenes 15 a funcaon of the YOM concan-
tranon n the PYC potue at the ume of
filling, the nome and temperature of
storage, the muo of the pottle weight to
contents and ‘he nature of the con-
tents. One wouia =xpect that analysis
of sampies from PYC bottles with dif-
ferent contenis and different storage
peniods would provide this informa-
uon. Unfortunainty, this direct ap-
proach Is not ippiicabie because with
low VCM concenaations in the bottles,
the concznmauens in the contents are
50 low that :ne anafyucal error may be
greater than e concsnganons.,

Extracuon of VCM from a bote s
an unsteaav-state diffusion process.
Thus probiem ¢an be solved anaiyacally
10 provide :he relanonship betwesn the
mnual VCM concenuation in the botie
and the VCM concenganon i the con-
tents as a funcuon of ume. Equilibnum
data have besn oprained expenmentai-
ly 13 reguired Dv the analyucaily de-
nved modei. Expenmental dama for
VCM 1n bowles and contents have besn
obutaned at nigh VCOM levels. Contents
renresent mimmum anaivucal interfer-
ence (O provide data where the anaiyn-
cal error 15 small in companson with
the VCM concentrauon. Agresment of
the model and cxperimental dara at
these nigh  concsznraoons  orovides
confidencs 'nar it 18 also applicabie at
low VCM conceatauoas. The physicad
nature of the model also provides con-
fidence n the model at these condi-
nons. Expernimental data have also
besa obtamned for VCM bottes and
coateals at low coacsnratoas and,
with considerauon of analytical ertor,
are useful as an additionai confirmaton

Figure 1. Typical requiated non-food,
reguiated food ana non-regulated PVC
botties

of the model.

Vinyl chionde in the PYC ¢ompound
will be diswibuted uniformly in the
compound by the extrusion operatoa
used to process the compound before
blowing 2 bottle, Some VCM will be
lost from the compound during the
blowing operagon. After the botde is
formed and before fiiling, VCM will
diffuse through the bore wall into the
surrounding and intenor ur. The con-
tents provide a sink of limited capacity
for VCM: after the bortde 15 dlled,
VCM wiil diffuse into the contents as
weil a5 into the surrounding aswr, but at
some tume the concengaton of VOMun
the contents will increase © 2 max-
unum vaiue and diffusion will be from
the contents, througn the botue wall
and into the surrounding ar. Ulumate-
ly, the YCM concentragons in the con-
tents and in the bottle wall will decay to
zero. but thes wiil require 2 very long
ume.

The vinyi-chlonde sxtmaction can be
stated in rmathemnatical terms, and an
expression can be denved which re-
lates the concentradon of VCM 1n the
contents and botde wall to the umtial
concentrauon of VCM in the PVYC
compound, the ume, the dimensions of
the bottte and the parudon coefficient
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of VCM berween the bottle wall and
the contents. Several reasonable and
quite defensible assumpuons are em-
bodied in the mathematcal statement
of the probiem: -

1. Diffusion of VCM through PVCis
the rate-determining step.

2. The VCM concentation is uni-
form through the bottle wall when the
bottle is formed.

3. The VCM is removed from the
outer surface of the bottle by the sur-
rounding air as fast as the YCM dif-
fuses to the outer surface.

4. The concentrauon of YCM in the
bottle contents is completely uniform.

5. The concentrauon of VCM ar the
nside surface of the bottle is in equilib-
rum with the VCM in the contenis.
This equilibnum can be described by a
parutton coefficient, which is inde-
pendent of concentration.

6. The diffusion coefficient is inde-
pendent of tme and space.

Differential equations for VCM dif-
fusion in the bowde wall, accumulation
in the liquid contents and for equilibr-
um at the interface betwesn the interior
wall and the liquid were then used with
the appropnate boundary conditions to
obtatn solutions for the two cases:

Case [-No YCM is lost from the bot-
te in the penod betwesn bottle {crma-
uon and filling.

Case Il - YCM loss occurs between
formauon and filling. This can include
loss dunng blowing as well as loss dur-
ing storage pror to filling.

Experimental proceduyre, program

The analyucal methods for YCM are
an essental part of the expenmental

program. Flame-ionization-detsctor
gas chromotography was used for bog-
tes and contents. The method for
VCM n liquid mvolves the use of a
long, small~-diameter ¢olumn 10 obtain
good resolution of the liqud's compo-
nents. The penalties for using this type
of column are long efution and bake-
out times between sample njectuons,
The method for YCM i PVC s an
adaptation of the pnor method and in-
volves injection of a THF solution of
the PYC sample. However, vanable
baseline interferences at about the |
ppm level adversely affect the accu-
racy.

Imeal expenments were conducted
with standard FDA-recognized food-
simulaung solvents and VCM levels of
100 10 400 ppm in the botte compound
to munimize analyucal error. Table |
shows the solvents that were used.
This experiment, which includes two
brands of vegetable od, began 1n
January, 1974, to obtamm room-
temperature VCM-exmaction data, and
the study conunues. [n Apnl, 1974,
2-0Z. capacuity bortes made from |-
ppm-YCM PVC were added to the
senes; 2-0z. bottes were used (1) to
maximize VCM leve! potenual in the
product for detection, (2) to reduce
quanuues of soivent used in mugrauon
testing, and (3) to allow filhng of
saveral bottles with =ach solvent so any
parucular bottle nezd not be re.
sampied.

Another senes of sxtracuon expern-
ments was stanted in April, 1974, using
weak solvents (water and 8% ethanol in
water) with 2-0z. and [6-0z. bottes.
Erratic results were obtained as a result
of VCM loss during sampling, because

of the very low solubility of VCM in
these solvents. Subsequent expen-
ments were conducted with 350%
volume ethanol in water to avowd this
problem.

The expenmental procedure that
evolved {rom the succession of expert-
ments is as follows; A small batch of
PYC molding compound 15 thoroughty
mixed prior (0 Dboule blowng.
Tnplicate bottes from each batch are
then analyzed at the time that the bot-
tles are filled with solvent. An average
of these analyses is used as the wnital
VCM concentraton. Immediately acter
each bottle is filled wath solvent to its
rated capacity, a {oil disc is heat-sealed
over the mouth of the borttle, which is
then capped to protect the seal. (Ex-
pertments indicate that commercial clo-
sure losses are negligible with $50%%
ethanol as the solvent.) The filled and
sealed samples are then maintained at
the appropriate temperature for the de-
swred ume interval. Tnplicate samples
are analyzed for VCM and the sampie
bottles are emptied and analyzed for
YCM content,

Four sets of experiments were con-
ducted o provide data for comparison
with the model. Two-~ounce bortles
with 509 2thanol were used,

Run 4562 - The bottles were filled 78
78 days atter blowing. VCM concentra-
tion n the bottes at filling was 82 ppm.
Data obtained over five months at 120
deg. F.

Run 4564 - Botrles filled 118 days
after blowwng, with VCM concentration
in botties of 101 pprn. Data obuined
over four months at room temperalure.,

Run 4566 - Bottes filled one day
after blowing with VCM concentration

Tabie 1. Experimentai data for 72 deg. F storage

Vz’;dMin PPM VCM in contents )
Soivent Bottle compaound 3 mos. 8 mos. 9 mos. 12 mos.
Water 16~az oval 10 0.03 0.09 23.07 .11
Water 2=z cylinger < nd nd nd
4% athanot 16-0Z gval 392 2.30 3.00 .20 5.28
F% athanol 16-c2 oval 10 0.08 0.05 nd 0.15
8% athanol 2-0z. cytinaer < nd nd nd
0% ethanc! 16~qz. ovai 392 4.20 470 5.02 8.18
50% athana! 16~0z, oval 10 0.11 0.'8 0.20 Q.20
5% athanal 2-qz. cylinger < 1 nd - nd
I% acetic acid 16~0z. ovat 392 2.4 1.90 3.20 4.33
I acetic agia 16~0Z, oval 10 Q.06 0.06 0.08 0.19
I dcetic Acid 2-0z. cytinder < 1 nd ndg nd
mriegtane 16~0z. oval 392 3.90 4,20 44 763
n+eptane 16~0z. oval 10 0.07 - 2.19 0.28
n-Heptana 2-0z cyhnder < 1 nd nd nd
Saya ol 16~0z qval 192 .70 4.80 §.45 7.53
Soya oti 16-az. oval 10 0065 0.11§ 0.15 0.26
Soya o 2-0z. cylinder < 1 nd nd nd
Cottonseed/ soya 16~0z. avai 392 2.10 4.25 §.60 §.04
Cottonseed/ saya 16~0z. aval 10 .03 095 107 0.27
Cottonseed/ soya 2-0z cyhinder < 1 nd nd nd
‘nd - nondetectabis
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in bottles of 302 ppm. Data obuwined
over three months at {20 deg. F.

Run 4567 - Bottles filled one day
after blowing with VCM concentrauon
in bottles of 304 ppm. Data obtained
in same perod at room temperature.

Data analysis

The four sats of data provide a range
of vanables to determune the diffusivity
of VCM in the botde compound and to
check the consistency of the models
and the data, The |20-deg.-F condinon
provides an accelerated test as one
week at 120 deg. F. is equivalent 1o
abour eight weeks at 72 deg,

The difference in tume between
blowing and filling provides a basis for
companng Cases [ and I1. Companson
of the data from Runs 4566 and 4567
shows that the rate of increase of YCM
concentration in the contents is incon-
sistent with the Case | model, but is
consistent with the Case II model.
VM loss pnor to filling was also dem-
onstrated with another expenment,
which showed that about 15% of the
VCM is lost during the bottle blowing.
Therefore, the Case Il model was used
to analyze the data.

A regression analysis was used to ob-
tain the parameter D/ 12 and the imual
VCM concentration from the data for
Runs 4566 and 4567. In the parametear
D/ 12, D is the diffusivity of YCM n
the bottle wall and | is the bortle-wall
thicknass, The effective bortie-wall
thickness represents a combination of
the thicknesses for the bottom, side
wall and neck,

An excellent fit of the dama 15 ob-
tauned to the curve represenung the
Case {I model. Fig. 1 shows a com-
panson of the data from Runs 4366 and
4567 with the two models. The ume
scale for the 120-deg.-F~data has besn
calculated to correspond to  the

equivalent time at 72 deg. F. A reasona-
ble comparisen of the experimental
data for Runs 4566 and 4567 can be
made with the no-VCM-loss curve
(Case [) «f half of the VCM lost dunng
blowing s added to the observed
values (the other half of the VCM dif-
fuses to the exterior surface and does
not appear in the contents) and if the
time corresponding t0 the blowmng
operation is added to the actual ume
after filling.

A similar regression analysis was
made with the no-VCM-loss curve
4564, The delay between blowing and
filling was in¢luded. For Run 4564, the
118 days of storage at room tem-
perature plus about |2 days, which cor-
responds to the VCM loss during blow-
ing, was used as the delay ume. For
Run 4562, the deiay time at 120 deg. F
was estimated by dividing the sum of
78 days of room-temperature storage
plus 12 days for blowng losses by the
ratio of the | 20-deg.-F diffusivity to the
room temperature (diffusivity deter-
mined from the data for Runs 4566 and
4567). Reasonable agreement was ob-
tained between the experiments] data
and values predicted from the Case II
model.

Conclusians

Expenmental extraction data, both
the VCM concentrauon in the 50%
ethanoi contents and the YCM concen-
tanon in the bods wall, determmed
when using 2-0z. botiles, ire coasisten:
with the diffusion-conaolled exwracuon
model. This extraction model can be
used to predict the effect of different
bottie sizes and bottle contents on the
VCM levet in the bowde contents. Ex-
amples are shown by Figs. 3 to 6 for
four different bottle contents and three
botte sizes. The calculated data pre-

sented by the figures are based upon an
initial value of | ppm VCM in the PVC
compound and are obtained with the
Case I model. As this does not allow
for the VCM loss during blowing and
prior to filling, actual VCM concentra-
tons would be less than s shown by
these figures. Thus, these figures rep-
resant the maximum VCM that could
be expected at these conditons. The
maximum VCM concmnoauon shown
by the figures is always less than 50
parts per billion (ppb) and wouid ac-
tually be even lower because of VOM
loss pror to filling. This maximam
VCM concentraton is estimated o oc-
cur after 2 to 3 years of storage at room
temperature, depending upon the con-
tents and the boule size. Analysis of
VCM 1n weak solvents always shows
substanually less VCM than s predict-
ed by Figs. 3 and 4 because of losses
with closures and sampling.

It is apparent that VCM concentra-
tion in the bottle contents is a function
of the ratio of the botile weight to the
volume of the contents. Thus a bottle
weight can be calculated for even very
small sizes in which a 30-ppb limut will
not be exceeded. A 50-ppb maximum
VCM concentration (no less prior to
filling} corresponds to about 3.65 g
PVC per fluid ounce for 50% ethanol.
For average bottle weights, this cor-
responds to about 3.5 1. oz. If 15% of
the VCM is lost duning blowing ( typical
loss), a maximum level of 50 ppb can
be reached at a size of 3.2 fl. 0z. for the
average bottle. [t is apparent that
decreased bontje weight for a specific
volume will result 1n a Jower maximum
YCM concsatration in the bottle con-
tents. Fig. 7 shows the botde weight
that corresponds 10 a2 maximum VCM
concentration of 50 ppb in 50% ethanol
contents for | ppm in the bottle com-
pound at filling. =

Reprinted from the April 1975 [ssue of MODERN PACKAGING, Copyrighted © 1975 by Morgan-Grampian, Ine.
All nights reseeved, 205 East 42 St New York, N Y. 10017
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A. R. BERENS

Corporate Research
The B. F Goodrwh Company
Research and Development Center
Brecksuille, Qhwo #4141

and
C. A. DANIELS

B F. Goudrich Chemical Company
Avon Lake Techmwcal Center
Acon Lake, Ohio 44012

Data on the solubility and diffusion of vinvl chlaride
monomer (VCM) in PVC resin powders have been combined
with published solutons of Fick's diffusion equation to vield
predlctzons af the amount and rate of loss of residual VOM
(RVCM) from ngid PVC pipe under storage and service condi-
tions. The principal factors contralling VCM magration are the
inttial VCM content, thickness of the PVC section, tempera-
ture, and the age of the PVC product Analyve solutions are
presented for RVCM loss from frr.-<:hi» extruded oipe (untform
VCM concentration) into either the storage envirenment or the
pipe contents. From these solutions, estimnates are made for the
real-world situation of closed-svstem servaice following van-
able storage penods. The \alldnv of this approach for ngid
PVC pipe in water-service 1s supported by reasonable agree-
ment between its predictions and experimental lanorator\ data
on the VCM content of water stored in PVC pipes. gBOc

Prediction of Vinyl Chioride Monomer Migration from Rigid PVC Pipe

¢-predictive modelanc et'penmenral datrindicate that PVCPxpB

- containg <1 mgkg (1 part_per million) residual VCM wi
resui G comcemTatioRsn water of less than 0.002 mgl.g

E ander anv e'cpected service condifions, Tz s - RS e
e 1
INTRODUCTION data we have obtained for VCM in uncompounded PV(;

subiect of continuing concern since the discovery of
’Skthe potential toxie hazard of vinyi chioride monomer
VCM has been the migranion of residual YCM from
finished PYC products into the environment or mto
lquids transported 1in PVC vessels. Many efforts have
be=n made to investigate this probiem ov direct analvsis
tor VCM i media in contact with PVC vesseis. Eariv
edorts :n 1977 were quesnionable because of the impre-
cne analvtieal methods then avasiabie. As anaivucal pro-
cedures have been improved. the residual VCM levels
in commercial PVC products have been sharply re-
duced. so the direct amalysis for VCM migrating {rom
todav's PVC products remains a very difficult problem.
Revent dara 1) show that sensitivity in the thousandths
ot a mmihgram per kilogram range 1s needed o analvze
for VCM in water contuned 1in PVC pipe even at the
residual VCM level of 20 mg per kilogram. A reliable
model lor sredicting the amount and rate of VCM migra-
don from available basic transport data and theorv thus
would be verv useful.
Our approach to the developinent of a predictive
model has been to combine the solnbility and dufusion

-y

resin powders (2, 3) with the solutions of the Fickeun
diffusion equations given bv Crank 4! This repart
summarizes the assumptions and approximutions w
valved i appiving these diffusion equations to the VM
migration problem and ilustrates the possible calcula-
tions with some numencal examples. The predictions of
our model ire compared with expenmental data on
VCM contents of water stored in PVC pipe |

CALCULATIONS OF VCM MIGRATION
Background and Assumptions

On the basic Jscumption that migration of VM thru
PVC s concrolled by the diffusion of VEM in the INC
phase, this process may be treated by weil-Snown
theorv The basis of classical ddfusion theory s the
simpie differential equation known as Fiek's First law.

F='-D—:-— - (hH
ox

wlich states that the amount of duffusing substance croas-
ing 2 umit plane area in unit ime. F 15 proportional 1o

Reprinted jror: Poiymer Sagineering and Science. vol. 15, no. 8. August 1976
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the concentration gradient across the plane, ; . The
propomonalit}/ constant, D is called thg dxffusmn
coefficient. The minus sign indicates that diffusion al-
wavs occurs toward the region of lower concentration,
ie.. "downhill” Net diffusive transport ceases when the
concentration gradient becpmes zero, i.e., when the
concentration becomes uniorm.

The use of Fick's law to calculate useful quantities,
such as the rate at which a diffusing substance escapes
from a solid object, or the concentration profile within
the object. invoives some very compheated mathemat-
ics. Eaact mathematical solutions are generally possible
only for geometrically simple shapes and for certan
specified iitial and boundary conditions. Many of the
useful solutions are presented in Crank’s text (4), and
fortunately it seems that some of the most important
problems'm VCM migration from PVC can be handled
with a few of these equations.

Our application of these equations and our diffusion
data to VCM migration from PVC products involves
several assumptions:

(1) The diffusion of VCM 1n PVC obeys Fick’s law.

(2) The diffusion coefficient 15 independent of VCM
concentration.

(3) The value of the diffusion coefficient in rnigid PVC
products 15 the same as we have determined for pure
PVC resins.

4, The diffusion coefRcient s independent of the
medium surrounding the PVC; re., values we have
determined by vapor sorptionvdesarption also apply to
migration mto a hquid phase. -

Assumptions 1' and (2) have been demonstrated to
be verv satisfactorv approximations at quite low RVCM
concentrations by our work on PYC powders (3). More
limited expeniments on thin, ngid PVC films also sup-
port assumption 3}, although some vanation of D might
be evpected for varving amounts and types of com-
pounding additives. The use of assumption (4) should be
considered a tentatively useful approximation; we shall
see that it does seem justified by experimental data on
VCM megration into water from PVC pipe.

To descibe the diffusion of RVCM from PVC prod-

uets through Crank's equations. three situations have

been considered.

Case I RVCM loss dunng storage of a freshiv-

manutactured PVC product.

Case [I RVCM loss from freshly forined PVC

oroducts into a closed mediuin.

Case 111 RVCM loss into a closed medium from

previousiv aged PVC products.

In both Cases | and 11, the immtial RVCM concentra-
ton 15 assumed to be uniform througn the thickness of
the PVC product. this s probablyv a valid assumption
oniv at the ume of extrusion, as the surface concentra-
ton af RVOM will quickly decrease upon exposure to a
low-VCM environment. Cases | and Il ditffer in the
time-denendence of the surface concentration: In Cuse
I the surface concentration of VOM remains essentially
zero. as any RVCM escuping 1s carmied away i the
cnyvironment this case mMayv represent storage or service

Prediction of Vinyl Chloride Monomer Migration from Rigid PVC Pipe

in a continuously renewed environment, such as flowing
water. In Case II. the VCM concentration in the
medium builds up with time. and consequently so does
the VUM concentration in the surface of the PVC. Case
11 is the general situation in a real-world application:
VCM loss into a closed medium follows a vanable stor-
age peniod and thus proceeds from a product in which
the surface VCM concentration s already depleted. We
will see that the a;ing penod between manufacture and
closed-system service is quite important in determining
the rate of VCM migration into the contents of a PVC
pipe.

Now let us consider the details and some numerical
examples of each of these three cases.

Case I—VCM Loss During Storage

Consider a freshiv extruded PVC product. guickly
cooled to ambient temperature and stored in an atmo-
sphere of essentially zerv VCM content. The mitial
RVCM concentration in the product 1s C, and may be
assumed to be uniform through the product. At the
surface, equilibrium 1s quickly established with the
environment and the RVCM concentration 1s zero We
assume that VCM leaving the PVC s carmed away (e.g ,
good air cireulation; so that the surface concentration
remains zero. We want to calculate (a) the amount of
VCM which leaves the PVC and (b) the concentration
profile within the PVC, both as functions of nme, tem-
perature, and sample thickness.

Crank gives solutions to this problem for several sum-
ple geometries—plane sheets, solid and hollow cvlin-
ders and solid spheres. The predictions for hollow cylin-
ders are virtuallv idenucal to those for plane sheets,
provided the wall thickness 1s less than the inside diame-
ter Thus for all practical PVC products (pipes, bottles,
sheets, films), we need consider only the mathematical
solutions for plane sheets. Equations for the amount of
VCM escaping from the sheet mav be wnttenin terms of
M. the fraction of the ongmnal VCM which escapes in
ume t The general expression, valid at all tunes, s

- 8

M=1-¥% T g ~iwin - IR ST i2)
= In ~ 1l
where n 15 the semes of mtegers 0. 1. .. D the

diffusion coefficient. and L the sheet thickness. For the

late stages of the process M > ~ 0 61, terms bevordn =
0 become insignificant. and £y 2 becomes

[®

M=~ 5o

ForM < ~ 0 6, a very good approximation 1 given by

o oo
M :4(;}—[‘7)‘“ 1)

Thus the wmatial loss of VCM is proportional to the square
oot of the storage time after extrusion. For munencal
culeulutions, we need oniv the sheet thickness and the
diffusion coeffictent values. From nur measnrements on
PVC resing (3), the value of D at varions temperatures s
grven by
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—-17,000
RT

for D in cméisec, T in °K, and R = 1.987 cal/mol°X.

Equations 3, 4 and 5 permut prediction of the frac-
tional loss of RVCM from rigid PVC products for differ-
ent sheet thicknesses, times and storage temperatures.
Examples of numerical results are given in Figs. I and 2
as plots of M vs ti. Figure I shows such RVCM-loss
curves for several sheet thicknesses at 30°C, where D =
2 x 10~"*cm¥sec = 1.73 x 1077 em*/day, and Fig. 2, for
a | mm sheet thickness at several temperatures.

The concentration of RVCM remaining at time ¢ at
various distances [rom the sheet surface {i.e., the con-
centration profiles) can also be caleulated from the same
parameters. Crank gives the general solution as

(8)

D =37 i exp

cC-C > 2n = 1V -1
_l = ¥ "e c[w]
C.-¢, & Eid o
> [2n - 1)l -x
- (1" et e
;O ( l,erfct BT } 6)

where C 15 the concentration at time ¢ at distance x from
the center of the sheet. C, 1s the imtial (uniform) con-
centration. C, s the constant concentration at the sur-
face zero in our case), and [ is the half-thickness of the
sheet. "erfc” stands for error function complement de-
fned as

erfcz =1 —erfz o

The error function. “erf’. aiso called the probability
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trme (14 for PYC sheet | mm thick, caleulated for vanous tem-
peratures, Case [.

mtegral s tabuiated in standard mathematical tables
For times short enough that the concentration at the
center of the sheet does not decrease significantly below
C,, unly the first term of Eq 6 15 necessarv; then. using
Eg 7, we have simply '

L o, {;1
¢, 7 Do |

Using Eq 8. or Eg 6 where necessary, we have culcu-
lated concentration profiles at 30°C (D = 1.73 x 1077
em*/day) for a PYC sheet 4 in. thick (or pipe with % .
wall). The results at various times are plotted in Fig. 3
Note that the VCM lost 1n the first month cores only:
from the 100 microns of PVC near the surface. It tuhes
nver 20 vears in this case for the VCM concentratian
near the center of the sheec to decreuse appreciabiy

f

)

CASE 1I—VCM MIGRATION FROM
FRESHLY.FORMED PVC PIPE INTO CONTENTS

The Cuase | calculations may be apphed whencyor
VCM leaving the PVC product is carned awav by the
envirgnment storage n cxrcul.ztzng 41r, w;xter-plpu Sy
vice with Howing water, ete. ., so that the surtace con-
centratton of RVCM remauns essentadly zern For PA
pipes in ordinary service, the outer surface 1s gencraih
e\pnscd to i low-VCM environment, i.e.. a Case I sitva-
tion. On the wide of pipes with stagnant contents. on the
other hand, VCM leaving the PVC builds up in concin-
rration 1 the contents. Consequently, the inside surfuce
coneentration of RVCM in the PVC. assumed to reman
in equulibeinn with the contents, also increases with
Hdme. At very long umes, RYCM in the mner half of the:
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C/Cg

L i S B | L 1 Lol
QO O D2 D4 D6 0B U0 U2 4 @ omtwalL
'y

008 (.- x), cm
Fig 3 Relative VCM concentration(C/C,) us depth below sheet
survace ([ - 2 at uurwus times, calculated for ¥a in. thick PVC
sheet at 30°C (D = 1.73 x 107 em¥sec). Case [

PVC wall and in the contents will diffuse outward to the
envirommnent. This net outward diffusion of VCM will
onlv oceur after the VCM concentration at the midhine of
the wall falls below its inttial value; the time at which this
occurs can be estimated from concentration profiles
such as those in Fig 3 Since this eflect occurs at such
long nmes for pipes of normal wall thickness, we have
not considered 1t 1n our model, but instead have applied
Case 1 and Case II calculutions independently to the
puter and inner halves of the PVC walls, respectivelv

The rate and amount of VCM entering the pipe con-
tents may be calculated through equations given by
Crank. The maximum amount of VCM which will enter
the contents 15 that reqqured to estabhish equilibAum
between PVC and contents, and is governed by the
partition coefficient and the ratio of volumes of PYC and
enntents. The partiton coefficient, K, 1s defined as the
rato of RVCM concentranon mn the FVC to that in the
contents at equiibrum ‘both expressed in the same
units. e.g . zlicer:. The volume of PYC supplving VCM
1o the cnntainer contents, ¥ e 15 one-half the total PVC
volume. 1s RVCM :n the outer half diffuses outward in
:he situation we are considering. It can be shown that
the maximum YCM concentration, Coopap (POM bv
weight in the liquid contents of 2 PYC pipe originally
contaning C, pom VCM, s

Cm mar = CgcfP_W‘ — ’\9\
1\ - d
DVC

where dp.~ and d,, are dcnntws of the PVC and con-
tents. and V', 15 the volume of the contents.

From our data i2) on VOM solubility as a function of
VOM pressare over PVC und water, we have estimated
av.jue of K = 44 for the distribution coefficient of VCM
betwesan PVC and water at 30°C. It should be noted that
this estimate of K assumes that the solublity of VCM 1n
PV C s not affected by contaet with water. It also in-

volves a somewhat arbitrary selection of a value for VOM
solubility in PVC, since we have shown (2) that the
svstem shows non-ideal and historv-dependent soluhil-
itv. Using this value of X, Eg 9 predicts that the
maximum VCM concentration in waterinalin. 1.D | %
m. wall, PYC pipe containing L mg/kg residual VOM will
be 0.027 mg/kg.

The rate of VCM desorption 1nto the pipe.contents
may be obtained from another of Crank’s equatiuns:

M =afl —e™ erfe T/ et (10)

where T = Dt/{* M 1s the fraction of the origmal
RVCM desorbed at ime t, and a =V KV ... To illus-
trate, we have apphed Eg [0 tothe 1in 1D | % 1in. wall

PVC pipe Alled with standing water. Figure 4 shows the
results. with scales showing both M. the fraction of
onginal RVCM desorbed. and the VCM concentration
in the water per onginal ppm RYCM. Also shown n Fig

415the M vstiplotior Case ] Note that the initial rate of
VCM desorption 1s the same for both Cases ] and 11, but
the buildup of VCM in the water in Case II causes the
desorption to slow down as eguilibrium 1s approuched.

Case J-~VCM Migration in Closed-System Service
from Previously Aged PVC Products

When a PVC product is put into closed-system serviee
some time after manufacture, the RVCM distnibation
through the PVC at the time of Glhing and closiy the
container will not be uniform. as was assumed m the
Case Il calculations. Rather. RVCM wall already be
depleted near the surface. and VCM mugration into the
pipe contents will start from a VCM distribution as
calculated in Case I e.2.. Figure 3). An analvtical solu-
ton for this sitnation has been nbtained by Danicls and
Proctor 131, but a useful and simpler estimate of the 1ate

)
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i 5 [~} by
0.06 23
005 20 o
__fU
Q.04 s 3
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a.02 5
10 -]
0.02 g
a. o 1_ =3
I 1 L L L
0 2z 4, o | 20 [ 300 0
} i i
(M. sMQ, TR, 2YRS. 3YRS.

'V!' ddy: ve

Fig 4 Fracton of ongimal VCM content [ose /M) us sysare 1ot
af tzme(t’)]m-[ . I D, i wall PVC pipe, calculated foo 0 ¢

(D =1.73 x 10~ cm¥dayy, Case | and Case [] with waterin pupe

Right-hand scale gres ppb VOM in water per ppm unthal V0 A
n plpc
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of VCM migration can be made by combining results of
our Case 1 and Case 1l equations. For Case I during
desorption of the first 60% of the VCM. Eq 4 shows that
the amount of VCM desorbed 1s proportional to the
square root of storage time. Diﬁ'erentxatmg Eg 4 gives

2w

Thus the rate of VCM loss is inversely proportional to
the square root of storage time. For Case I1. we saw that
the rmutial rate of VCM mugration ito the medium in a
zlosed svstem is the same as in Case [. Thus Eq 11 also
gives the imitial rate of VCM migration into the closed
svstem when ¢ 15 the storage age of the PVC product at
the start of closed-system service. Applying £q 11 to a
PVC product with % 1n. wall thickness 2t 30°C (D = 1.73
x 10~7 cm*/dav) gives the curve shown in Fig 5. We see
that the rate of RVCM desorpnon drops verv sharply in
the first few weeks of storage after manufacture.

It 15 also possible to estimate the amount of VCM
which will migrate from a PVC product during a given
period of a closed-svstem service following vanous Case
I storage periods. This estimation may be explained with
reference to Fig 8. which illustrates the VCM-loss (M)
vsttcurves for the three cases. Case 11115 approvimated
by shufung the ongin of the Case 11 curve to paint ¢,
along the Case [ line, where ¢, 1s the age of the PVC
product ar the start of closed-svstem sermice. Then the
VCM lost from the PVC in the ame interval a durmg
continued open-svstem storage would be, from Zg 4

_\.\I=4<_~_~D—,—)Q[gtl—a'i—tl*] (12

m

The VCM last. and enterning the contents of a PVC
contaner, in Case LI service, will be approximately
equal to AM for relatively snort service periods, and
alwavs less than AM. Eguation 12 thus s usetul for
caiculating the maximum fraction of the onginal RVCM
which will migrate into the contents af a PVC container
dumng ciosed-svstem se~vice for anv hime perind as a
function of the age of the container at the time of filing
and ciosing Froure T tllustrates results calculated trom
£ 12 %or T ang 30 dav serace serods lor 3 '8 in. wall
:mekaess at S0°C 1s juncnions of ¢, Agun we see the
:mporant 2dect of 2 few weeks prior aging in reducing
the amount of VCM mugranon :nto the contents.

Comparson of Predictions wvath Experimental Data

The inregning anaivsis cieuriv shows that the age of a
PV C aroduct at the start of an extruction test is an
important factor ' deterrmining the amount of VOM
extracted. Since this information 1s seldom available in
reported extraction data, direct compansons between
our predictions and esperimental data are possible for
oniv a few cuses.

For the data recently obtaned by O"™ara and De-
Capita (1 on the VCOM content of water stored in 1 1n.
[ D Y walt PVC p|pe~ at 23°C, the approrimate age
of the pipe samples, between extrusior and start of the

}x 103

(3

| 1 2 1 1 L1 L
o 50 20 30 40 50 &0 70 80 3Q
t. days

Fig. 3. Rate of VCM loss (dMidt) vs time for % wn. thick PVC
sheet, calculated for 30°C, Case .

M 4,4:\'
v
@)
33
PR S ——— c'%
! n
OM
- |
REZEN
!
L
0 | |
O + a | ’Vz !
t tiea

Fig 5. Schemauc comparson of fractional VCM loss ' M s o
curves for Cases !, 11, and [I1.

extraction test, was known. A “headspace” GC analy tical
method was used to provide sensigvity to low VUM
levels in the water (on the orderof L or 2 thousandths of 4
mulligram per kilogram). We have calculated the VCM
content expected in the water, using Eq 12 with the
parameters appropnate to the experimental conditions,
D was obtained fram £q 5. Table I compares the caleu-
lated and experimental results. The agreement must b
considered quite satisfuctory, especially in view of i) our
appheation of D values obtuined from resin powders to
pipe compounds. b) the somewhat uncertain ace and
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Fig T Fraction of orginal VCM content entering prpe contents
(AM) for 7 and 30-day extraction perieds vs pipe age at start of
extraction 't,), caiculated for Y% in. wall thwkness and 30°C,

Case 111

storage cond:tions of the pipe samples. and o the
difficulty of analysis of water for extremelv low levels ot

VM.
DISCUSSION

While furrner expenmental verification would be de-
strable. 1t appears that the simple approach discussed
above 15 uite adequate for desenbing and predicnng
the migraton of RVCM from PVC pipe into water The
reasonable agreement between predicted und observed
migration data for this application of ngxd PVC supports
the premises that, a) the diffusion coefficient deter-
mined tor pure PVC resins 1s applicable to ngid PVC
pipe (ocmpounds, and b) coatact of FVC with water
produces little change in the diffusivity of VCM com-
pared to that measured by vapor sorptionvdesorption
techniques Further. for such refauvely thick walled
products 15 sipes. the diffusion into the environment

Tatle 1. Comparison of Predicted and Expenmentai
Extraction Resulls. Water-Filled 1in. I.D. "» 1n. Wall PYC Pipe

Samples. 23°C
RVCM Extraction ‘
in ppe, Pipe age, Time, VCM in water, (mg/kg)
maokg t a.days Experimentai Caiculated
292 —-& mo. 3 0.021 Q0257
292 -4 mo. 7 0.0474 0 0598
292 ~8& ma. 14 0.113 0.118
177 ~& ma. 3 0.0173 0.0156
177 -6 mo. 7 0.0335 00362
177 ~& mo. 14 0.056 0.0717
22 ~3mo 3 0 0006 0.0018
22 ~5 ma. 7 0.0022 0.0045
22 ~& ma. 14 0.0046 0.0089
29 ~1 yr. 14 0.0105 0.0084

Fa

from the outer half of the wall and into the contents from
the inner half may be treated as independent processes
over normal service lifetimes.

Our simple predictive model may thus be used with
some confidence for estimating the concentrations of
VCM in water which might arise duning actuul service of
PVC water pipe svstems. To llustrate, Eg 12 has been
used to calculate the VO M concentrations resulting from
various stagnant exposure times of water in PVC pipes of
1 m7kg ongmal VCM content and vaned diameter,
warehouse age before installation and service age. Some
results of such calculations are even in Table 2 for 2, 6
and 8 in. SDR21 pipes in service at room temperature
{~23°C). While these data are presented as though thev
represent stagnant water situations, from known use
conditions (Row rates, pipe dimensions and resultant
residence time), these calculations can be shown to
model dvnamic lowing systems.

The figures in Table 2 clearly show that the highest
VCM concentrations would be found in new instalia-
tions of recently manufactured small diameter PYC pipe
after long stagnation periods Yet even for these most
extreme conditions, the predicted VCM-in-wuter con-
centrations are well below the level of 0 002 mg ¥ CM. kg
H,0 when the onginal residual VCM content of the pipe
s 1 mg/kg or less. In actual installations, stagnation
times of more than a few davs are rarely encountered. A
& ical residence time for water in PVC pipes is beheved
t¢ ve about 2 davs :6-3° und 1n this sitnabion, rhe pre-
d.oted VCM-in-water concentration falls in the parts-
pe--trithon range. Thus we mav conclude that PVC pipe
oortamng <1 mg/kg residual VOM owall result in VOM
concentrations of less than 0002 mg VCM/kg H,O
ander anv expected service cunditions, and, therefore,
non-detectable by present analvtical methods.

Table 2. Calculated VCM in H.O Concentrations for Stagnant
Storage of Water in PVC Pipes af Varied Size and Age and
Qriginai ' mg/kg Residual YCM Content

Ware-
Pipe house Service YCM in water atter given
size age, age, storage times. mg kg
(SOR21)  days years 2 days 2 weeks 1 month
2. 30 Qdnew! 20007 50044 20087
50 2 20005 00C33 20067
90 2 20004 20627 00586
30 1 2000180 200125 JC02as
30 2 20001 20009 000199
30 5 J00M 00006 00013
8 n. 30 0 00002 00013 20029
80 0 oooc2 0001+ ooo22
20 0 0000+ J0009 00012
0 1 200006 200042 ococas
0 2 000004 00003 200066
30 5 000003 cocoz2 00004
3, 30 0 00002 00011 00022
80 0 00001 00008 Q0016
90 o] ooom 000097 J0014
90 1 0000045 000031 J000G6
30 2 000003 20002 200050
90 5 Q00002 00001 20003
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