January 20, 1989
& EPA-OTS

| unsaanaa ! m-g?
89-890000079

Document Processing Center (TS-790}
Office of Toxic Substances
Environmental Protection Agency
401 M. Street, S.W.

Washington, DC 20460

ATTN: 8(e) Coordinator
8EHQ-1088-0761

Dear Sir/Madam:

=]
Gelman Sciences has recently submitted infeormation to the
Environmental Protection Agency (EPA) on 1,4 dioxane
pursuant to section 8(e) of the Toxic Substances Control
Act (TSCA). In this 1letter, The Dow Chemical Company
(Dow) is providing additional information concerning 1,4
dioxane. It should be noted, however, that we believe
that none of this information constitutes section 8(e)
information and that we are submitting it for your
information.

Attached please find the following:

\A1) a table of analyses of polyethylene glycol for
1,4 dioxane.

\/QZ) a letter from Union Carbide on 1,4 dioxane in
their polyethylene glycol.

two letters written by Charles Gelman to
Dr. Winifred Oyen, dated October 6, 1988 and
October 17, 1988.

A reprint of a published study entitled "Removal
of 1,4-Dioxane From Wastewater" and a copy of the
underlying internal report.

A reprint of a published study entitled "Pharma-
cokinetics of 1,4-Dioxane in Humans.”

The polyethylene glycol analyses in attachment 1 were done
as part of an analytical development project using a
cryogenic-focusing, headspace, capillary gas chromato-
graphic method using flow programming.
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We routinely analyze production lots of polyethylene
glycol prior to shipment for 1,4-dioxane using a different
gas chromatographic method. The 1,4-dicxane level 1s less
than 3 ppm.

We have not identified any analyses by Dow of ethylene
glycol or diethylene glycol products for 1,4 dioxane.
However, we are attempting to develop an analytical method
to determine what level of 1,4 dioxane, if any, is in
these chemicals.

We trust that the irformation we are submitting will be
useful to EPA.

Sincerely,

S e

E LeBeau, Director
Health & Environmental Sciences
1803 Building
dhr

attachments




Lot ¢
TB8S1003KIA
TB800508
TB340C24
TB831GCEKIA
TB841103
TB850903 (powdered)
TBSS0208 (solid)
BASF ¥EWH
B8y YPDH

e N.D. = Non detactable. Lisit of detection for EO and dioxsae is
0.1 ng/g eud 4.8 ng/e, respoctively.

.omlwwmxsw.mmmmu.y‘ammdhm
4 og/g 20 and 53 ng/E 1,4~-dioxane.
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UNION CTAFRBIDE CORPORATION asa.nmmamﬁvmm?rm

NOUSTRAL THEMICALS DIVISION
December, 1988

Dear Union Carbide Customer,

The purpose of this letter is to advise you that our CARBOWAX® Polyethylene
Glycols above the molecular weight of 200 do not contain toxic chemicals in
quantities subject tc the reporting requirements of Section 313 of Title III
of the Superfund Amendments and Reauthorization Act of 1986 (SARA) and 40 CFR
Parz 372. However, ocur CARBOWAX® Polyethylene Glycole do contain trace
amounts of materials which are included on the State of California‘'s list of
carcinogens and reproductive toxicants under the provisions of the Safe
Drinking Water and Toxic Enforcement Act of 1986, also known as Proposition 65.

The following chart outlines the CARBOWAX® Polyethylene Glycolis manufactured
by Union Carbide and the typical maximum levels of the trace "Proposition 65"
materials contained within each product.

———TYPICAL MAXIMM LEVELS (PPM)
ETHYLENE

—OKIDE. DIOXANE FORMALDENYOE ACETALOENYDE

CARBOWAX(R) Mathoxy Polyethylene Glycols 350 to 5000
CARBOWAX(R) Polyethylene Giycols 300 to 8000
caraowax(R} seNTRY(R) Polyethyiene Giycois 300 to 8000
Polyethylene Glycol Compound 20M

carvowax (R} TrEg 990

Please ie aware that Ethylene Oxide has been listed by the State of California
as a carcinogen and reproductive toxicant. Dioxsane, Formaldehyde, and
Acetaldehyde have been listed as carcinogens.

We are in the process of updating our Material Sefety Data Sheets (MSDSa) to
reflect this (and other) right-to-know informstion, smd plan to have these
available and distributed within the first quarter of 1989. In the mesntime,
please add a copy of this letter to each of the MSDSs for those products
listed which you have received from us.

Should you have any questions on this information we would be happy tc address
them. Thank you for your continued business.

Very truly yours,
Union Carbide Corporation
Industrial Chemicals Division

%@Af’/’?

PLC/cw Patricia L. Cody

22380 Product Sufety Manager
MS-0009
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Ann Arbor, MI 48108 USA.
Telex; 810-223-6036

Fax: 313-761-1208

{313) 665-0651

GelmanSciences octeber 6. 1988

Dr. Winifred A. Oyen
Director

Midland Co. Health Dept.
125 W. Main St.

Midland, MI 4864C

Dear Dr. Oyen:

We sent you information about 1,4-dioxane contamination at rest stops.
Since the date of that communication, we have discoverad that 3.000
part: per billion of 1,4-dioxane is present in aircraft deicing fluids.
In scamning through the Act 307 list of the DNR, we £ind that a numbar
of airports and military bases aroctad the state have bsan cited by the
DNR as causing groundwater coatamination. With the additional ksowl- -
edge that the cthylene glycol contains 1, i-diaxane, the problem may be
more serious than originally anticipated.

We suggest you contact your state health departren: to jr—ediateiy
start taking well samples of any wells surrounding sources of knowm
ethylene glycol contamination to determine whether 1,4-dioxane lis
present. It would also be appropriate for you to alert the DER office
within your area to make them awa<e of this situation and alert them
to contamination at airports, military bases and at rest stops. Ve
have not alerted local DNR officials about the rest stop situation.

Sincerely yours.

Charles Gelman
Chairman and
Chief Executive Officer

CG/dar

/70546G(1)




- 500 South Wagner Road
Anp Arbor, M! 48108 U.S.A.
Telex: 810-223-5036
Fax: 313-761-1208
(313) 665-0651

- &2 GelmanSciences

October 17, 1988

Dr. Winifred A. Oyen
Director

Midland Co. Health Dept.
125 W. Main St.

Midland, MI 48640

Dear Dr. Oyen:

We recently discovered that fresh ethylene glycol in autu radiators
and deicing fluids contained as much as 20,000 parts per billioa of
1,4-dioxane.

One potential situation ot public health significance has been brought
to our attention. At the end of the summer season, psople who own
summer cottages or lakeside cottages usually €111 their pipelines and
toilet systems with ethylene glycol. 1,4-dioxane from thess sSuweer -
cottages would go directly iato septic £ields and then into the drink-
ing water supply.

Presently. the Michigan Department of Health sets a groundwate. risk
appraisal level of one part per billion of 1l.,4-dioxane.

We belisve the same problem exists with state, county and local parks.
RV vehicles and large boats follow the same practice.

You should inform your constituents of any public health risks from
this practice. ;

Sincerely yours. ,

~ » , f -
Q@u&mgﬁz"vmv

Charles Gelman
Chairman and
Chief Executive Officer
/70565G(70566G)

Eanclosures
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= ~ - QOctober 11, 1988 Ann Arbor, Michigan 48108-7155
: (313) §71-9690
Michigan Department of Public Health
Lansing, Michigan

It is becoming evident that the chemical 1,4~dioxane is much
more widely distributed in the environment than had previously
been suspected. 1,4-Dioxane has been found to be a common
contaminant of antifreeze fluids. 1,4-Dioxane moves readily into
groundwater, and is not retarded significantly as the groundwater
moves through various soils, so that it can spread readily from
its sources of origin.

The assessment of potential risks is hampered by the fact
that to date nc maximum contaminant levels have been established
for l,4~dioxane by the U.S. EPA Office of Drinking Water,
although a health advisory document exists. The Michigan
Department of Public Health has also developed a very
conservative risk assessment document.

In addition, an extensive Draft Health and Environmental
Effects Assessment for l,4-Dioxane (R. Hartung, Sept. 23, 1987)
exists. That document has been widely circulated and has received
extensive peer review. That document provides a variety of
limiting concentrations for drinking water, using various methods
which use a variety of assumptions, for the derivation of. such
values. Although l,4-dioxane is carcinogenic to laboratory
animals at extremely high dose levels, the available information
strongly supports the existence of a thresholl for toxic effects
for this compound. The most sensitive effects found were non-
cancer effacts in liver and kidneys in lifetime exposures to
rats, and a drinking water criterion was based on the absence of
those effects, using a 100-fold safety factor. The resulting
reference dose (RfD) was 0.096 mg/kg/day for.a life time. The
resulting drinking water limit was 3.36 mg/L, which could be
rounded off to 3 mg/L.

To this date, this particular risk assessment is most
strongly supported by the existing scientific data on 1,4~
dioxane. The additional conservatisms used by the Michigan
Department of Public Health appear to be founded largely on the
desire to incorporate conservative risk management perspectives
into the risk assessment process.

At this time it is becoming increasingly important to
collect all of the environmental and health related information
on 1,4-dioxane, assess it, expose the assessment to the broadest
possible peer review, and then develcop the appropriate management
for 1l,4-dioxane.

Sincerely,

Ré1{ Hartung Ei:; )
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QO Gelman salesap, C1
'Gelman Sclences Inc., facing a

of antifreeze in the parking lots of
rest areas along Michigan

in Scio Township, just west of Ann
Arbor.

" The pollutant, a solvent called
1,4dioxane, has been detected in
more thap 50 commercial and resi-

zmu-mxopampcwmm
the Ann Arbor ares along I-94. |

The state standard for safe jevels
of dioxane in drinking water is 2
parts per billion.

‘“This makes every service sta-
tion, garage, parking lot and rest
stop as well as bomes in the state
possible sources of 1,4-dioxane con-
tamination,

‘commisiioned

mine what is 2 safe level of dioxans
indrinking water.”” .

- “Undoubtedly, muu:
vestigation may have aa impact
_vorabie to Gelmsn in the camm,”
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REMOVAL OF 1,4.DIOXANE FROM WASTEWATER

G.M. KLECKA* and S.J. GONSIOR

Environmental Chemistry Research Laboratory, Dow Chemical U.S.A., Midlend,
M1 48674 (US.A.)

(Received June 1, 1985; accepted in revised form September 10, 1985)

Summary

Chemical methods were evaluated for the treatmen: of 1,4-dioxane in industrial pro-
cess wastewaters. The compound was rapidly oxidized by a combination of hydrogen
peroxide and ferrous iron, although the rate of organic carbor -omoval was considarably
slower than the disappearance of 1,4-dioxane from solution. Chlorine oxidation at 76°C
was also found to be highly effective. The rate of the reaction was greatest at pH 5.2,
suggesting that hypochlorous acid was the preferred oxidant. 1,4-Dioxane appeared to
be completely oxidized during chlorination, althougl. the removal of organic carbon was
somewhat slower than the disappearance of the parent comp sund.

Intreduction

1,4-Dioxane (1,4-diethylene dioxide) is used for a variety of industrial ap-
plications including, as a solvent for cellulosics and a wide range of organic
products, a wetting and dispersing agent for textile processing and printing,
and as a stabilizer in certain chlorinated solvents. Process waters arising from
these operations may contain 1,4-dioxane as a resuli of spills or through the
routine discharge of wastes. Although the levels of 1,4-dioxane present in
plant effluents are likely to be low, under certain conditions it may be desir-
ahle to pretreat more concentrated process waste streams to remove the
coinpound. However, methods for the removal of 1,4-dioxane from such
wostewaters have not been described.

1,4-Dioxane is generally considered to be nonbiodegradable. Results of
the biochemical cxygen demand test for i,4-dioxane indicais that negligible
oxygen is consumed over a 20-day test peziod [1]. Mills and Stack [2] have
also noted that degradation of the compound was not abserved in cultures of
sewage microorganisms zxposed for 1 year to wastewater treatment plant ef-
fluents adjusted tu contain 1,4-dioxane at concentrations ranging from 100
1o 900 mg/L. Thus, it appears unlikely that significant removal of 1,4-diox-
ane will occur in conventional biological treatment systems.

*To whom correspondence should be addressed.

0304-3894/86/803.50 © 1986 Elsevier Science Publishers B.V.
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As an alternative to biological treatment, physical or chemical methods -
can be considered for the removal of 1,4-dioxane from industrial process
. wastes. However, in view of the infinite water solubility and low VapOr pres-
. sure (30 mm at 20°C) [3] of the compound, physical treatment by airstrip-
-ping or activated carbon adsorption is not likely to be highly effective. Pre-
Liminary studies conducted in our laboratory have indeed confirmed this ob-
servation. As a result, the present study was conducted to evaluate chemical
methods, including chlorine and hydrogen peroxide oxidation for the treat-
ment of industrial wastewaters containing 1,4-dioxane.

Experimental

The oxidation of 100 mg/L of 1,4-dioxane by hydrogen peroxide in com-
bination with a ferrous iron salt (Fenton’s reagent) [4] was examined in
aquecus solutions containing 115, 230 and 465 mg/L of H,0,. These levels
correspond to H,0,:dioxane molar ratios of 3:1, 6:1 and 12:1, respectively.
Reaction mixtures were prepared by corbining the appropriate amount of a
30% H,0, solution with distilled water, and adjusting the pH of the solution
to pH 5.5 ¢ 0.2. Test reaction mixtures were supplemented with 200 mg/L
of FeS0,:7H,0. Control reaction mixtures were prepared as above, except
that the ferrous iron was omitted. Solutions (final volume of 200 mL) were
transferred to amber bottles and incubated at an ambient temperature
(25°C). Reactions were initiated by the addition of 20 mg of 1,4-dioxane
(neat). Samples were removed periodically, diluted with an equal volume of
60 mM Na,SO, to quench the reaction, and analyzed as described below.

Chlorine oxida‘ion of 100 mg/L of 1,4-dioxane was initially examined in
water solutions containing 1000 mg/L of NaOCl {corresponds to NaOCl:di-
oxane molar ratio of 12:1). Reaction mixtures were prepared by combining
the appropriate amount of a 5% NaOCI solution with distilled water, and ad-
justing portions of the mixture to a PH of 2, 6 and 11. Test solutions (final
volume of 200 mL) were transferred to amber bottles and incubated at an
ambient temperature (25°C) or in a water bath at 75°C. Reactions were ini-
tiated by the addition of 20 mg of 1,4-dioxane (neat). Samples were re-
moved periodically, diluted with an equal volume of 60 mM Na,SO, to
quenci the reaction, and analyzed as described below.

The effect of pH on the oxidation of 1,4-dioxane by aqueous chlorine was
examined in reaction mixtures prepared using 1.0 M NaH,PO, buffers ad-
justed to a pH ranging from 5 to 6.5. Portions of the appropriate buffer were
transferred to amber bottles and supplemented with 100 mg/L of 1,4-diox-
~ne and 2000 mg/C"of NaOCl. Reaction mixtures (final volume of 200 m}
each) were incubated in a water bath at 75°C.

1,4-Dioxane was analyzed by gas chromatography by direct injection of
aqueous samples. Chromatography was performed using & Hewlett—Packard
model 5730 gas chromatograph with a flame ioniz2*:on detector. The analyt-
ical column (glass; 10 ft. X 0.25in.) was packed with Tenax GC (Supeico,




Inc., Bellefonte, PA). Compounds were eluted from the column isothermally
at an oven temperature of 150°C with a helium carrier gas at 1 flow rate of
30 mL/min. Cutput of the flame ionization detector was conmnected 16 a
Hewlett—Packard model 3380 recording integrator. All values were calcu-
lated from peak height measurements by comparison with an extetnal stan-
dard of 1,4-dioxane prepared in water, -

Total organic carbon was determined using either a Beckmann model
915B or Dohrmann model 80 total carbon analyzer. Total organic carbon
concentrations were calculated from the difference of the total carbon and
inorganic carbon concentrations of a sample. The instruments were cali-
brated using potassium biphthalate and sodium carbonate ss standards.

Results and discussion

1,4-Dioxane was rapidly degraded by a combination of hydrogen peroxide
and ferrous iron, &s shown in Fig. 1. No degradation was observed in the con-
trol. The compound was rapidly oxidized during the first hour in all test
solutions; however, the rate of the reaction decreased thereafter in reaction
mixtures con:aining 3 or 6 moles H,0, per mole 1,4-dioxane. Complete re-
ruoval of the compound occurred within 10 h in test solutions containing
12 moles H,0, per mole 1,4-dioxane. During incubation, the pH of all test
solutions rapidly decreased from pH 5.7 to pH 2.9 due to acid formation
during the reaction. These conditions are within the optimum range (pH
2.5--4.0) reported for the oxidation of organic compounds by Fenton’s re-
agent [5].

1,4-Dioxane Concentration {mg/L}

20 24
Time (n)
Fig. 1. Oxidation of 1,4-dioxane by a combination of hydrogen peroxide and ferrous
iron.




1,4-Dioxare Concentration (mg/L)
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Fig. 2. Removal of 1,4-dioxane and organic carbon du.ing hydrogen peroxide oxidation.

To determine whether 1,4-dioxane was completely oxidized during the re-
action, samples of the test solution containing 12 moles H,0, per mole com-
pound were periodically analyzed for the concentration of organic carbon
remaining in solution. As shown in Fig. 2, the rate of organic carbon removal
was considerably slower than the disappearance of 1,4-dioxane from solu-
tion. After 10 h of incubation, removal efficiencies were 97% and 10.5% for
1,4-dioxane and organic carbon, respectively. Following 24 h of incubation,
the organic carbon concentration of the reaction mixture was decreased by
48%.

The steichiometry calculated for the oxidation of 1,4-dioxane,

C.H,0, + 10 H,0, - 4 CO, + 14 H,0 )

suggests that 10 mol hydrogen peroxide are required for the complete degra-
dation of 1 mol 1,4-dioxane. While removal of the parent compound oc-
curred rapidly in test solutions containing a 12:1 molar ratio of H,0, to
1,4-dioxane, the oxidation of the residual organic carbon was considerably
slower. The incomplete oxidation of organic coinapounds by s combination
of hydrogen peroxide and ferrous iron has been previously desciibed [6],
and appears to be due to the formation of low molecular weight organic
aldehyvdes and acids which are resistaut to further chemical oxidation. How-
ever, such products are known to be readily removed by conventional biolog-
ical treatment processes.

A series of experiments were also conducted to examine the chlorine oxi-
dation of 1,4-dioxane in aqueous solution. Pref'minary studies indicated that
the compound was not degraded at 25°C in reaction mixtures prepared at a




1,4-Digxane Concentration (mg/ Ly

0

48
Time (b}

Fig. 8. Chlorine oxidation of 1,4-dioxane in water at 75°C.

pH of 2, 6 or 11. However, when solutions containing 100 mg/L of 1,4-diox-
ane and 1000 mg/L of NaOCl were adjusted to pH 2 orpH 6 and incubated
at 75°C, the compound was rapidly degraded as shown in Fig. 3. The rate of
the reaction at pH 6 changed with time. This was presumably due to a de-
crease in the pH of the solution from pH 6topH 2.8asa result of acid for-
mation during the reaction. The rate of oxidation was negligible in test solu-
tions prepared at pH 11.

The effect of pH on the oxidation of 1,4-dioxane by agueous chlorine at
75°C was subsequently examined in resction mixtures prepared using 10M
NaH,PO, buffers over the range from pH 5.2 to 6.5. Results of the study are
shown in Fig. 4. Destruction of 1,4-dioxane at 75°C proceeded rapidly at
pH 5.2, with an initial removal rate of approximately 32.6 mg of 1,4-dioxane
consumed pet hour. The rate of oxidation decreased as the pH of the reac-
tion mixture was increased, and was negligible at a pH of 6.5 (see Inset, Fig.
4).

To determine whether 1,4-dioxane was completely oxidized during the
reaction with chlorine, samples of the reaction mixture prepared at pH 5.2
were periodically analyzed for the concentration of organic carbon remain-
ing in solution. As shown in Fig. 5, the rate of organic carbon removal was
somewhat slower than the disappearance of 1,4-dioxane from solution. After
8 h of incubation, removal efficiencies were 97% and 70% for 1,4-dioxane
and organic carbon, respectively. Following 24 h, the oxrganic carbon concen-
tration of the reaction mixture was decreased by 85%.

Chlorine oxidation was found to be highly effective for the removal of
1,4-dioxane from water, although the reaction rates were shown to be
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Fig. 4. Effect of pH on the oxidation of 1,4-dioxane by agueous chlorine in 1.0 M
NaH,PO, buffer at 75°C. .
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Fig. 5. Removal of 1,d4-dioxane and organic carbon during chlorine oxidation chiorina-
tion at pH 5.2 at 75°C.




strongly influenced by tempexature and pH. The :
in view of the chemistry of chlorine [7]. In agueous solution
exist as molecular chlorine (Cl,), hypochlorous:
rite ion (OCI") depending on the pH of the
ducted with unbuffered solutions adjusted to pH 2 orpH 6 ed
molecular chiorine and hypochlorous acid were caplble of oxubzmg 14
dioxane. No reaction was observed with hypochlonte ion at a pH 11. Oxida-
tion of the compound was fastest at pH 6; howevet, in unbuffered mixtures
the rate of the reaction rapidly decreased mth time, presumably due to a de-
crease in the pH of the solution from pH 6 to pH 2.8 as a result of acid for-
mation during the reaction. This observation suggests that hypoehlorous acxd
is the preferred oxidant.

The stoichiometry of the reaction of 1,4-dioxane with hypochlorous ac:d
is given by the following equation:

C.H;0, + 10 HOC1~ 4 CO, + 1V HCl + 4 H,0 {2)

1,4-Dioxane appeared to be completely oxidized during the reaction, al-
though the removal of organic carbon from solution was not as fast as the
disappearance of the parent compound. However, the formation of interme-
diate degradation products was not detected during gas chromatographic
analysis of test solutions for 1,4-dioxane.

In an attempt to optimize the reaction with respect to pi:, the oxidation
of 1,4-dioxane by chlorine was examined in solutions buffered with 1 M
NaH,PO,. Note that since phosphate buffers are not highly effective over
the range from pH 5 to 6.5 (pX, = 7.2), solutions had to be strongly buf-
fered to prevent changes in pH during the reaction. The rate of the reaction
was greatest at pH 5.2, which approximately comresponds to the maximum
dissociation of chiorine to hypochlorous acid {71. Further attempts to study
the reaction at lower pH using an acetate buffer system (pK, = 4.76) were
unsuccessful due to the competitive reaction of available chlorine with ace-
tate. However, in view of the fact that the rate of the reaction with molec-
ular chlorine at pH 2 (unbuffered reactions) was slower than the reaction
with hypochlorous acid at pH 5.2 (buffered solutions), the oxidation of 1,4-
dioxane is likely to be optimal under conditions which favor the dissociation
of chlorine to hypochlorous acid.

Conclusions

In contrast to biological or physical methods, chemical treatment can be
used effectively for the removal of 1,4-dioxane from industrial process
wastewaters. Oxidation of the compound by a combination of hydrogen
peroxide and ferrous iron occurs within 10 h, and requires greater than a
10-fold molar excess of hydrogen peroxide. Chlorine oxidation o. 1,4-diox-
ane proceeds rapidly at 75°C in the presence of a 12-fold molar excess of
hypochlorous acid. The reaction was optimal under conditions favoring the
dissociation of chlorine to hypochlorous acid.
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Docunent Processing Center (TS-790}
Office of Toxic Substances
Environmental! Protection Agency
401 M. Street, S.W.

Washington, DC 20460

ATIN: 8(e)} Coordinator
SEHO-1088-0761

Dear Sir/Madam:

[
Gelman Sciences has recently submitted information to the
Environmental Protection Agency (EPA)}) on 1,4 dioxane
pursuant to section 8(e) of the Toxic Substances Control
Act (Tsca). In this letter, The Dow Chemical Company
{Dow) is providing additional information concerning 1,4
dioxane. It should be noted, however, that we believe
that none of this information constitutes section 8{e}
information and that we are submitting it for your
information.

Attached please find the following:

i
\11} a table of analyses of polyethylene glycol for
1,4 dioxane.

\/QE} a letter from Union Carbide on 1,4 dioxane in
their polyethylene glycol.

J(B) twe letters written by Charles Gelman to
Dr. Winifred Oven, dated October 6, 1988 and
Cctober 17, 1988.

u44) A reprint of a published study entitled “"Removal
of 1,4-Dioxane From Wastewater" and a copy of the
underlying internal report.

u/(S) A reprint of a published study entitled "Pharma-
cokinetics of 1,4-Dioxane in Humans."

The polyethvlene giycol analyses in attachment 1 were done
as part of an analytical development project using a
cryogenic-focusing, headspace, capillary gas chromato-
graphic method using flow programming.
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CESCRIPTIVE SUMMARY
WITH CONCLUSIONS:

1,4-Dioxane (1,4-diethylenedioxide) is frequently-used as a stabilizer in cer-
tain chlorinated solvents, such as 1,1,1-trichloroethane. Following some sol-
vent recovery operations, 1,4-dioxane may be found in agueous waste streams.:
A variety of biological, physical and chemical methods were evaluated for the
treatment of these process wastes.

The biodegradation of 1,4-cioxane was examined in laboratory systems designed
to simulate both municipal and industrial activated sludge treatment pro-
cesses. Biodegradation of the compound was not observed during 28 days of
operation. Volatility studies indicated that 1,4-dioxane is removed slowly
from water, with 53% of the chemical remaining after 4 days of aeration at
25°C. Carbon adsorption was also found to be an ineffective means for treat-.
ment, as a 100-fold excess of activated carbon was required for the complete
removal of 100 or 1000 mg/L of 1,4-dioxane from water. In contrast, a number
of chemical treatment methods were found to be highly effective for the.
removal of 1,4-dioxane from aqueous solution. The compound was rapidly
degraded by hydrogen peroxide 1in combination with & ferrous iron salt
(Fenton's reagent), with a half-time for the reaction of approximately 3
hours. Chlorination at 75°C was also effective for the treatment of
1,4-dioxane in solution. Half-times for the reaction at pH 6 and pH 2 were 2
hours and 16 hours, respectively.

ARE MATERIALS DESCRIBED IN THIS REPORT ON TSCA INVENTORY? » NQD
iF NO, LIST MATERIALS ON REVERSE SIDE OF THIS PAGE THAT WE WILL USE OR
PRODUCE COMMERCIALLY THAT WiLL REQUIRE A PMN. .
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1,4-Dioxane {1,4-diethylenedioxide) is frequently used as,a‘stabf1izer in cer-
tain chlorinated solvents, such as l,l,l-trichioroethane; Fo]Téwing some
solvent recovery operations, low levels of 1,4-dioxane may be found in aqueous
waste streams. For example, 1,4-dioxane may be presentrat‘Tow levels in the
vapor phase over solvent degreasing systems. The vapor phase, containing
solvent, stabilizer and water vapor, is commonly processed by initially
passing it through a condensor, and the condensate is then transferred to a
solvent-water separator. The organic layer is returned to the degreasing
bath, leaving an aqueous waste stream which may contain low levels of
1,4-dioxane. Alternatively, organic vapors from degreasing operations may be
treated by activated carbon adsorption. During steam regeneration of the
carbon beds, 1,4-dioxane may enter the aqueous waste stream.

Relatively 1ittle is known about the biological treatability of 1,4-dioxane.

Results of the biochemical oxygen demand test for 1,4-dioxane indicate that =

negligible oxygen ic consumed over a 20-day test period (1,2). Mills and
Stack (3) have also noted that degradation of the compound was not observed in
suspended cultures of sewage microorganisms exposed for 1 year to wastewater
treatment plant effluents containing 1,4-dioxane at concentrations ranging
from 100 to 900 mg/L. However, Stack (4) has noted that 1,4-dioxane may be
oxidized by specifically acclimated cultures of sewage microorganisms. Thus,
biodegradation may contribute to the removal of the compound in some waste-
water treatment plants. ‘

The present study was conducted to investigate the fate of 1,4-diakane1§n
laboratory systems designed to simulate both municipal and industrial waste-
water treatment facilities. Experiments were conducted to examine the impor-
tance of vclatilizetion and bicdegradation for the removal of 1,4-di0xahé from
activatad sludge. Additionazl studies were performed to evaluzte alternative
physical and chemical methods for the treatment of aqueous wastes containing
1,4-dioxane.
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Figure 1. Laboratory-Scale Semicontiruous Activated Sludge Cylinder lised to
Simulate Municipal Wastewater Treatment Systems. ‘




settle and the upper l-Titer of waste liguor w;s;tggav ‘fbéirgétacéd with 1
liter of neutralized (pH 7.5) primary effluent. The cylinders were aerated at
a rate of 500 mL/min and incubated at ambient temperature (25:3°C).

During operation, the laboratory activated sludge cylinders were supplemented
daily as follows: a) Unit A did not receive 1,4-dioxane, and served as a con-
trol to detect the presence of components which might interfere with the
analysis of 1,%-dioxane, b) Unit B was supplemented daily with 1,4-dioxane to
achieve a nominal concentration of 100 ma/L, and ¢) Uait C was supplemented
daily with 100 mg/L of 1,4-dioxane in addition to 100 mg/L of each of the
following substrate analogs: diethyleneglycol ethyl ether, bis{2-ethoxyethyl)-
ether, bis(2-methoxyethyl)ether, and 1,2-dimethoxyethane. Samples were
removed periodically from the systems, filtered through 0.45 um Acrodisc mem-
brane filters and analvzed as described balow.

Volatilization

The volatilization of 1.4-dioxane from activated sludge was examined using
9-liter activated sludge cyiinders as previously described (5). Activated
sludge was obtained from the Midland Municipal Wastewater Treatment Plant.
Two systems were established with 8.5 liters each of activated sludge adjustedi‘

to contain 2500:500 mg/L of mixed liquor suspended solids. = The activated .

sludge was treated with mercuric chloride (200 mg/L) to inhibit biolegical
activity, and supplemented with 1,4-dioxane at nominal eoncentrations of 10
and 100 mg/L. The cylinders were aerated at a rate of 500 mlL/min and incu-
bated for 24 hours at ambient temperature (22°C). Samples were removed
periodically from the systems, filtered through 0.45 um AcrbdiSC'membrane £i1-
ters and analyzed as described beiow.

The air-water pertition ccefficient for 1,4-dioxane was determined as previ-
ously dsscribed (&,8}. A 1-liter zcuecus solution contzining 100 ma/L {nomi-
nal) of 1,4-dioxans was nsgf to the seration apparatus (Figure 3) and
asrated at a rate of 700 mL/min for 4 days at 25°C. Samples were removed




periodically and analyzed for 1,4-dioxane as described befow. The air-water
partition coefficient was calculated from the slope of the Tine from a plot of
the log of the concentration remaining versus the volume of air passed through
the solution.

Activated Carbon Adsorption

The adsorption of 1,4-dioxane from water by activated carbon was determined in
batch experiments. Aliquots (100 mL) of stock solutions containing either 100
mg/L or 1000 mg/L (rominal) of 1,4-dioxane were transferred to 4 ¢r 8 oz.
glass bottles containing various quantities of activated carbon (1.0 mg to
10.0 g). The bottles were sealed with aluminum-foil lined caps. Equilibrium.
in the solutions was achieved by agitating the bottles for 3 days on a reci-
procating shaker. Due to the heat generated by the shaker, the temperature of
the sample solutions was approximately 35°C. Samples were removed pariodical-

ly, filtered through 0.45 um Acrodisc membrane filters and analyzed as ~

describeu below.

Results of the experiment were used to prepare a Freundlich isotherm (10).
The empirical equation for the isotherm is

X
— = kC
M

i/n

whare X/M is the amount of chemical adsorbed per unit weight of carbon, € is = -
he egquilibrium concentration of the chemical in solution, k is an empirical
constant equal to the intercept at C = 1, and 1/n is the slope of the Tine on = -
2 log-log plot. o

Nxication with Hvdrogen Peroxicds

Studias were conducted to exzmine the oxidation of 1,4-dioxane by hydrogen
peroxide in combination witn 2 ferrous iron salt (Fenton's reagent; 11). The
effect of hydrogen peroxide ¢cncentration on the oxidation of 100 mao/L of
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Analytical Methods

Concentration of 1,4-dioxane was determined by Jas chromatography by direct
injection of aqueous samples. Chromatography was performed using a Hewlett-
Packard model 5730 gas chromatograph with a flame ionization detector. The
analvtical column (glass; 10 ft x 0.25 in) was packed with Tenax GC (Supelco,
Inc., Bellefonte, PA). Ccmpounas were eluted from the co]umn‘isathermaliy at
an oven temperature of 150°C with a helium carrier gas at a flow rate of
30 mL/min. Output of the flame ionization detector was connected to a
Hewlett-Packard model 3380 recording integrator. A1l values were calculated
from peak height measurements by comparison with an external standard of
1,4-dioxane prepared in water. The detector response was linear over the con-
centration range of interest’ (G.1 to 1000.0 mg/L) with a detection limit of
approximately 0.05 mg/L. :

Total organic carbon was determined using either a Beckman model 9158 or a
Dormann model 80 total carbon analyzer as previously described (12). Total
organic cavbon concentrations were calculated firom the difference of the total
carbon and inorganic carbon concentrations of a sample. The instruments were

calibrated using potassium biphthalate and sodium carbonate as standards. '

Concentration of activated sludge, mixed liquor suspended solids was deter-
mined by gravimetric analysis as previously described (13).

Chemicais

1,4-Dioxane {(Distilled in Glass grade) was purchased from Burdick and Jackson
Lzboratories, Inc., Muskecon, MI. Nutrient broth was obtained Trom Difco
Labora*criss, Detroit, MI. Diethylene glycol ethyl ether, bis{2-methoxy-
athyi)ether, 1,2-dimethoxysthane and hydrogen peroxide sclution {30%) were
frem Fisher Scientific Co., Fairlawn, NJ. Eis{Z2-athexyethyllether was from
the Ezstman Chemical Co., Rochester, NY. Activated carbon (Grade 718; 12 x 30
mesh) was obtained from the Witco Chemical Corp., New York, NY. Sodium hypo-
chlorite solution (5.25%; Clorox bleach) was from the Clorox Co., Oakland, CA.
A11 other chemicals were reagent grade (Appendix I).
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velatiiizzrion of 1,8-Dioxane frem Activated Sludge

‘viinders contzining €.5 liters of municipal activated sludge {treated with
200 mg/L of mercuric chleride) were supplemented with 1,4-dioxane at nominal
concentrations of 10 and 100 mg/L. The systems were aerated at & flow rate of
500 mL/mir at ambient temperature (22°C).




2

Table 2. Fate of 100 mg/L of 1,4-Dioxane in Municipal Activated Sludge

Day Initial [Dioxane] mg/L Final [Dioxane] mg/L % Removed

106.0
101.0
99.0
96.5
101.0
95.4
94.3
95.2
95.3
92.2
92.0
105.0
92.2
93.3
93.3
94.4
92.3
92.3
89.9
92.4
93.6
93.5
91.2
91.9
94.2
89.7
95.8
95.0
89.5
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102.
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103.
103.
108.
103.
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103.
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Laboratory-scale activated sludge cylinders (9-1iter) were operated on a daily
£i11 and draw cycle with synthetic municipal sewage supplemented with 100 mg/L
of 1,4-dioxane. The systems were aeratad at 2 rate of 500 mi/min and incu-

4
bate¢ at ambient temperature {23x1°C).




Table 2. Fate of 100 mg/L of 1,4-Dioxane in Industrial Activated Sludge

Initial {Dioxane] mg/L Final [Dioxane] mg/L % Removed

o)
-]
<

104.0 87.9
102.0 - 97.0
104.0 92.8
106.0 92.9 .
104.0 95.1
103.0 95.4
95.4 92.9
97.2 94.8
101.0 89.7
97.1 91.1
28,8 88.9
161.0 88.6
9.0 89.1
94.4 93.8
102.0 89.1
a9.0 95.3
97.5 . 87.5
101.0 92.5
102.0 92.7
96.7 88.9
99.5
96.5
94.6
100.0
98.0
95.4
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A laboratery-scale activated sludge cylinder (Unit B; 2.5-1iter) was operated
en a daily fill and draw cycle with authentic industrial sewage supplemented
with 100 mg/L of 1,4-dioxane. The system was aerated at a rate of 500 mL/min
and incubated at ambient temperature (28:3°C).
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DAYS OF AERATION

f 1,4-Dioxane from Water

g g/l of dioxane was zerated zt & rate of 700
mL/min for 4 days at It The azir-water partition coefficient was calculated
from the slope of the line from the plot ¢f the Tog of the concentration
remaining versus the volume of air passed through the solution {see inset}.




Table 5. Adsorption of 1,4-Dioxane on Activated Carbon - =

Adsorbability

Initial Dioxane Final Dioxans .
Concentration Carbon Load Concentration - g Dioxane
{mg/L) (mg/L) (mg/L) g Carbon % Reduction

104 0 104.0
104 10 100.0
104 100 98.2
104 1,000 73.9
104 10,000 13.2b
104 100,000 ND

o 00N
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1067 0 1067
1067 10 1067
1067 100 1067
1067 1,000 985
1067 10,000 423
1067 100,000 9
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3concentration of 1,4-dioxane in solution at equilibrium at 35°C

bNondetectab1e
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HZOZ:DIOXANE MOLAR RATIOS
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t of Hvdrogen Peroxide Concentraticn on the Oxidation of
ane by Fentons Rezgent

Reacticn mixtures (200 mL) contained 100 mg/L of 1,4-dioxane, 200 mg/L of
Fe504~73~:20 and varving concentrations of H202 (116.3-465.1 mg/L). The control
reaction mixture contained 100 mg/L of 1,4-dioxane &nd 232.6 mg/L of Hzoz:
Soluticns were incubated at ambient temperature (25°C).
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Figure 8. Oxidetion of 1,:-Dicxane by Fenton's Reagent

The reaction mixture (200 mi} contzined 100 me/L of 1,4-cdioxane, 200 mg/lL of
FeSOA-i’HzO ané 465,1 mg/L of HZOZ' The solution was incubated at 25°C and
anaiyzed periodiczily for +the concentration of 1,4-dioxane {e) znd total
organic carbon (o) as described ir Materials and Methods.




The effect of pH on the chlorination of 1,4-dioxare- £-75°C ; ,snb?éé.>
quently. examined in reaction mixtures prepared using 1  /L‘N§ﬁ2P04 buf-
fers over the range from pH 5.2 to 6.5. Results of the study are shown
in Figure 10. The chlorination of 1,4-dioxane at 75°C proceeded rapidly -
at pH 5.2, with an initial removal rate estimated to be 32.6 mg of -
1,4-dioxane consumed per hour. The rate of chlorination decreaéed as the
pH of the reaction mixture was increased, and was negligible at a pH of
6.5 (see inset, Figure 10). :

To determine whether 1,4-dioxane was completely oxidized during chlorina-
tion, samples of the reaction mixture prepared at pH 5.2 were periodi-
cally analyzed for the concentration of organic carbon remaining in solu-
tion. As shown in Figure 11, the rate of organic carbon removal was
somewhat slower compared to the disappearance of 1,4-dioxane from the
solution. After 8 hours of incubation, removal efficiencies were 97% and

70% for 1,4-dioxane and organic carbon, respectively. Fo]louing”,zi,f;w,,n

hours, the organic carbon concentration of the reaction mixture was
decreased by 85%. The formation of intermediate degradation products was’
not detected during gas chromatographic analysis of the reaction mixture
for 1,4-dioxane.

Temperature was also shown ta influence the chlorination of 1,4-dioxéne.
As previously noted, the removal of the compound from water was not

observed at 25°C. Consequently, the effect of temperature on the ;b}o?i- S

nation of 1,1-dioxane was examined in reaction mixtures prepared in 1.0 M
NaH2P04 buffer, pH 5.2. Results of the study are shown in Figure 12.
The initial rate of the reaction was 3.4 fold greater at 75°C (32.6 mg of
1,4-dioxane consumed per hour) than at 50°C (9.7 mg of 1,4-dioxane con-
sumed per hour).
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Oxidation of 1,4-Dioxane During Chicrination at pH 5.2 at 75°C

taining 100 mg/L of l,4-dioxane and 2000 mg/L of Nz0C}
_ t Nak,PQ, buffer, pH 5.2. The solution was incubated at
and znalyzec pericdicaily for the concentration of 1,4-dioxane {s) and
total organic carken (o) as described in Materials and Methods.
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DISCUSSTON

Biological Treatment of 1,4-Dioxane

Microorganisms present in either municipal or industrial activated siudge were
unable to degrade 1,4-dioxane during 28 days of continuous exposure to concen-
trations ranging from 10 to 100 mg/L. These results are consistent with the
previous report of Mills and Stack (3) who noted the inability of suspended
sewage microorganisms to degrade 1,4-dioxane over 1 year of exposure to waste-
water treatment plant effluents containing 100 to 900 mg/L of 1,4-dioxane.
Since volatilization contributes only a 5 to 10% reduction of the compound
from water over a 24 hour period, it appears unlikely that significant removal
of 1,4-dioxane will occur in conventional biological treatment systems. As a
result, alternative methods may be reguired for the treatment of wastewaters
containing 1,4-dioxane.

The ether linkage has long been recognized as contributing to tne resistance
of organic molecules to biological attack (15). In addition to cyclic ethers
such as 1l,4-dioxane, simple alkyl ethers do not appear to be readily degréded
in conventional wastewater treatment systems. For example, Ellis et &l (16)
have noted the presence of a number of alkyl ethers in biologica? treatment |
plant effluents.

Studies of the microbial degradation of strictly aliphatic ethers have not
been extensive, and the mechanisms involved in the cleavage of such ether
conds are 2s yet unclear. However, Cain (17) has recently described several
mechanisms which may be responsible for the biological cleavage of ether
bonds, includina: ‘

{1) Oxycenative cleavage of the ether by & monooxvecenzse

qu
NAD™

0
R- Q- CHy - CHOH —==Z

R-0H + QHC - CHZGH

NADH2




Physical Treatment of 1,4-Dioxane

A variety of physical methods were evaluated for the'treatmant'of aqueous
wastes containing 1,4-dioxane. The physical prapertiesjéf the compourd are
summarized in Table 6. In view of the extremely high water solubility and
relatively low vapor pressure, very 1ittle of the compnuFd wouid be expeéted
to volatilize from water. These observations are consistent with the experi-
mental results, as greater than 50% of the compcund remained in solution after
4 days of aeration. The air-water partition coefficient was estimated to be
2‘.3x10'4 g/L of air per g/L of water, which is in the range for compounds
generally considered to be nonvolatile from aqueous solution (23).

Carbon adsorption was also found to be an ineffective means for treatment,
which is consistent with the infinite water solubility of the compound. Com-
plete removal of 1,4-dioxane from aqueous solutions containing 100 or 1000

mg/L required greater than a 100-fold excess of activated carbon. Furthers —=

more, based on the adsorption isotherm, the ultimate capacity of a system
treating wastewaters containing 1000 mg/L of 1,4-dioxane would be approxi-
mately 0.09 grams of 1,4-dioxane per gram of activated carbon.

As an alternative to air-stripping or activated carbon adsorption, distilla-
tion can also be considered for the removal of 1,4-dioxane from dilute aqueous
solution. Although not examined in the present study, 1,4-dioxane is reported
to form 2 low boiling azeotrope with water (87.8°C at 760 mm Hg; 25), yielding
2 distillate containinc 82% 1,4-dioxane by weight. Thus, careful fractional

1jstillation couid be used to remove the compound from dilute aqueous sotu-
ions, and the concentrated organic distillate could be recycled or disposed.
by suitzble means {e.g. incineration). ' )
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Chemical Treatment of 1,4-Dioxane

In contrast to biological or physical methods, chemical treatment was found to
be highly effective for the removal of 1,4-dioxane from agueous solution. The
compound was rapidly degraded by hvdrogen peroxide in combination with &
ferrous iron salt (Fentons reagent; 11). Fenton's réagent s reported to
function as an oxidizing agent through the formation of free hxdroxyl radicals
(+0H).

2+ +

Hy0, + Fe?* ——s Fe¥* + O™ + -OH
Hydroxyl radicals generated in this manner have been reported to oxidize a
wijde variety of organic compounds (14)., Based on the stoichiometry calculated

for the oxidation of 1,4-dioxane,

C4H802 + 10H,0, —— 4C02 + 14H20

272

it appears that 10 moles of hydrogen peroxide are required for the complete
degradation of one mole of dioxane. Studies conducted with a 12:1 molar ratio
of hydrogen peroxide to 1,4-dioxane indicated that the parent compound was
removed rapidly from solution, while the removal of the remaining organic
carbon was considerably slower. The incomplete oxidation of organic molecules
by hydrogen peroxide in combination with ferrous iron has been previocusly
reported (26), and appears to be cdue to the formation of low molecular weight
organic acids and gldenydes which are resistant tc further chemical oxidation.
However, such products arz known to be readily remcved by conventicnal biole-
gical tregiment processes.

Chlcrination was &lso found to be highiy effective for the removal of
I,4-dioxane from solution, although the reaction rates were shown to
se sirongly influenced by tsmperature and pH. The effact of pH is reasonabie
in view of the chremistry ¢f chlorire {27). In aqueous solution, chlorine can
exist as free chiorine /C1,), hypochlorous acid (HOC1) and hypochlorite ion
{0C1”) cdepending con the pH.of the system (Figure 13). Preiiminary studies
conducted with urtuffered sclutions adjusted to pH 2 and 6 indicated that free




chlorine and hypochlorous acid were capablecnf'Q?id} 77"”v3§+djoxane. No
reaction was observed with hypochlorite jon at pﬂiiiff'f&é:cth%ination'Of
1,4-dioxane was fastest at pH 6. However, in unbuffered systems rhe rate of
the reaction decreased with time, presumably due to a decrease in the pH of
the solution frem pH 6 to pH 2.8 as a result of acid formation during the
reaction. This observation suggests that hypochlorous acid is -the preferred
oxidant. The stoichiometry of the reaction is given by the failbwing equa-

tion.

C4H802 + 10 HOCl —— 4 C02 + 10 HCT1 + 4 H20

1,4-Dioxane appeared to be completely oxidized during the reaction with hypo-
chiorous acid, although the disappearance of organic carbon from the solution
did not occur as fast as the removal of the parent compound.

In an attempt to optimize the reaction with respect to pH, the chlorination of

1,4-dioxane was examined in solutions buffered with 1M NaH2P0 . Note that-
since phusphate buffers are not highly effective over the range from pH 5 to

6.5 (pKa.= 7.2), sclutions had to be strongly buffered to prevent changes in

pH. The rate of the reaction was greatest at pH 5.2 which approximately cor-

responds to the maximum dissociation of chlorine to hypochlorous acid.

Attempts to study the reaction using an acetate buffer system, which would be

more effective in controlling pH at this range (pKa = 4.76), were unsuccessful

due to the competitive reaction of available chlorine with acetate. However,

in view of the simplicity of an unbuffered system and the fact that the reac-

tion coes occur &t low pH, the use of unbuffered reactions may b2 preferred
for the small scale treatment of agueous wastes containing 1,4-dioxane.
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PHARMACOKINETICS OF 1,4-DIOXANE IN HUMANS

}. D. Young, W, H. Braun, L. W. Rampy

Toxicology Research Laboratory, The Dow Chemical
Company, Midland, Michigan

M. B. Chenoweth

Biomedical Research Laboratory, The Dow Chemicat
Company, Midiand, Michigan

G. E. Blau

Physical Research Laboratory, The Dow Chemical
Company, Midiand, Michigan

The pharmacokinetics and metebotistm of 1,4-dioxune were detérinined in Four heolthy
male volunteers exposed to 50 ppm dioxene vapor for § hr. Sempies of blood end
urine colfected during and after the exposure were anclyred for dioxeme and Its
metabolite ghydroxyethoxyecetic ecid (HEAA) by gas chrometogrephy-moss
spectromelry. A pharmecokinetic model with associuted parameters wes constiocid to
describe the fute of dioxene ond HEAA in humens. The model wes compered 0 ¢
model constructed previously for dicxene in rets. This comparison facifitetas assesy
ment of the hezerd to humans of dioxene exposure by extrapolation of toxicologicel
iniormation obteined in rats.

The dyriamics of dioxone uptake and dimination in humens cowid be described by o
one-compartment opensystem: model with rero-order uptoke end liestorder elimine
tion. The haif-life for efimination of dioxone was 59 x 7 min; 9%.3% of the
elimination was by metabolisn of dioxene to HEAA, end 0.7% was by excretion of
dioxone in the urine. Dioxene ond HEAA were detectable in thé uriem vati! S end 18
hr after cessotion of exposure, respectively. The total absorbed dese of dioxone during
the 6 hr period was 5.4 2 1.1 mgihg clthough the meximum omount of dioxene in
the dody ot any one time was 1.2 £ 0.2 mygihkg and occwered et the end of the
expasure, At 6 hr the omoimt of dioxene in the body hed reeched over 99N of the
steadystate amoint. A simulstion of repected deily exgosures to SC ppm: dioxene for
8 hriday indiceted tha: dioxene wouwld never accwmwiste fo concentretions sbowe
those ortained ofter @ single 8 hr exposire as long es the exposere concentration of
dioxene was 50 ppm or less. Lack of accumuinion of dioxene on repesied exposuce is
@ critical point since soturation of the metobolism of diaxene ot high dosege levels o
rats has been shown 1o lead to toxicity. The resulis of the study conducted in huren
volunteers support the conchisicn thet expasire o the curreni threshold Bwit vokwe
of 50 ppm dioxune in the workplece wili not couse edverse effects, even when the
exposve is on @ continuous or repested desis,

The authors would iike to acknowiedge the following individuals for providing assistance with
various portions of the study: M. }. McKenna, P. |. Brownson, D }. Ducommun, W, A. Fishbeck,
and R. W, Slauter. .

Requests for reprints should be sent w0 J. D. Young, Toxicology Kessarch Laboratory, The
Dow Chemical Company, Midiand, Michigan 43840,
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threshold limit value of 50 ppm dioxane vapor (ACGIH, 1976) produces
blood levels of dioxane that are eliminated by first-order processes, and
whether repeated exposures to 50 ppm would cause accumulation of
dioxane in the body to levels that might saturate its pathway for
metabolism and detoxification. To determine the pharmacokinetics of
dioxane in humans, four voluntecrs were exposed tc 50 ppm dioxane for
6 hr, and samples of blood plasma and urine were analyzed for dioxane
and HEAA,

METHODS

Test Material

The 1,4-dioxane used in this study was obtained from The Dow
Chemical Company, Freeport, Texas. The material used was within the
specifications for sales grade dioxane, and was determined to be more than
99% pure by gas chromatography.

Conditions of the Study

The protocol of this study was approved by a seven-member Human.
Research Review Committee of The Dow Chemical Company and was
followed rigorously. The four volunteer subjects wer: Caucasian males
drawn from a group of scientists and businessmen aware of the toxicity of
dioxane. They were fully advised of the details of the study and gave
written informed consent to participate.

Prior to the study the subjects (Table 1) provided a complete history
and underwent an extensive physical exzamination by a physician, inciuding
a chest X-ray if none had been taken during the prior 12 months, a
12-lead electrocardiogram, respiratory function tests, a conventional
battery of 12 bilood chemistry tests plus triglyceride and creatinine
determinations, and complete hematological and urinaty analyses

TABLE 1. Characteristics of the Subjeces

Parameter [ 4 T c G Mean £ SD

Age, yr 46 49 40 40 425
Weight, kg 84 7 74.5 100.75 3412118
Height, cm 182 1728 175.5 183 17832 5.1
Plasma creatininbe." ng/mt 12,28 8.50 13.75 11.78 11.56 2 2.21
Urine flow rate,” mi/min 2.58 1.14 1.62 .74 20220.77

@Values are the average creatinine concentrations in four sempies of blood per subject taksn on the
day of the study.
bCalculated from the total urine volume from O-24 hr,
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ppm 1,4-dioxane. The chamber was monitored throughout the exposure
with the infrared analyzer.

Analyses

Samples of blood plasma and urine were analyzed directly for dioxane
using a Finnigan GC/MS/CI, mc.dsi 3200, in the selected ion monitoring
mode; HEAA was methylated before analysis by the method of Braun
(1977) with the following modification. The injection port (310°C) was
filled with copper filings to catalyze the cyclization of HEAA to
dioxanone. The mfe 103 peak was monitored to quantify HEAA, This
modification helped to partiaily eliminate an interfering peak encountered
with human plasma. The detection limits were 0.1 ug dioxane/ml plasma,
2-10 ug HEAA/mI plasma, 0.2 ug dioxane/ml urine, and 1 ug HEAA/mI
urine.

Creatinine was determined in blood plasma and urine by using a
standard AutoAnalyzer method.

Statistics

After preliminary estimates were obtained by curve stripping pro-
cedures, nonlinear parameter estimation techniques were used to generate
statistically meaningful estimates for the one-compartment model char-
acterizing the plasma dioxane concentration time data (Gehring et al.,
1976). The analytical variability in the data was characterized by a
statistica: “heteroscedasticity” parameter, which was then used to properiy
weight the data and to assess ary lack of fit of the model to the data
(Blau et al., 1977),

Model parameters and other characterizing parameters were obtained
for each subject. The means and standard deviations of the individual
values were used in this report to reflect the human population.

RESULTS

Chamber Dioxane Concentration

The nominal concentration of 1,4-dioxane vapors in the chamber was
53.9 ppm (0.19 mg/liter). The analytica! concentration was quite uniform
and within the range 48-52 ppm. Thus, a time-weighted average con-
centration was not calculated. Distribution was checked at three locations
in the breathing zone of the subjects during the exposure and was found ..
to be uniform.

Clinical Observations

Eye irvitation was a frequent complaint throughout the exposure.
Perception of the odor of dioxane diminished with time. Two of the
subjects could not perceive the odor after 4 and 5 hr in the chamber,
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TABLE 2. Excretion of Dioxane and HEAA in Urine of Human Volunteers (P, T, C, and G} Exposed
to 50 ppm Dioxane Vapor for § hr

Urinaty excretion (ug)

Time -
{hr) [4 Mean £ SO

Dioxane

2,643 2,894 £ 595

460 98 147 280 184
40 33 45 52+ 25
L 10° 63

4,287 2,715 2,845 3,233+, 19

HEAA

0-6 369,963 224,730 225,498 292,758+ 78,538
68 127,758 114,402 102,810 118,140+ 8,378
8-10 82,998 82,228 122,750 104,016 2 24,809
10-12 46,652 48,178 28,809 51,097 ¢ 21,636
12-14 38,640 36,487 16,128 36014¢ 15,103
14-16 17,748 15,295 10,530 15903+ 4073
1624 5,690 1,814 ni? 3,550+ 3,167
0-24° 639,449 §23,13¢ $12,528 621,516 £ 123,310

Oyalues were obtained 3t a signal-to-noise ratic <2, and are therefore of doubtful accuracy.
ONo dioxane was detectable beyond 12 hr.

N0 HEAA wis detectable beyond 24 hr.

Ay eqs than 203 ug (detection limit 1 ug/mi, urine volume 203 mi}.

Plasma HEAA

The concentration of HEAA in plasma was measured in only two to
three of the four subjects because of an interference from which HEAA
could not always be separated. Therefore, the values shown in Fig. 1 are
averages of the successful measurements. The concentration of HEAA in .
plasma reached a peak at approximately 7 hr and thereafter decreased at:

an apparentiy linear rate. After the exposure period concentrations of . - :

HEAA were higher than concentrations of dioxane.

Dioxane Excretion in Urine

The amounts of dioxane excreted into the urine during the exposure
period {0-6 hr) and at 2 hr intervals after the exposure are shown in Table
2. Ninety percent of the total dioxane excreted was recovered in the 0-6
hr sampie of urine, and none was detectable after 12 hr. in 2 one
compartment open-model system, the rate of elimination of the parent
compound in the urine can be used to estimate the overall elimination
rate. The half-life for elimination calculated from urinary excretion data
was 48 + 17 min. There is no significant difference between this value and
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TABLE 3. One-Compariment Open-System Model for Dioxane in Humans Exposed to 50 pom
Dioxane Vapor for 6 hr

Air Body Urine

Dioxane,
50 ppm = Dioxane

0.18 myg/liter Am = Vd(D’CD
[*m
HEAA
Amp = VaimiCm

Du

Zero-order uptake rate contant, mg/hr
First-order excretion rate constant for dioxane into urine, hr*'
First-order excretion vate constant for HEAA into urine, he”*
First-order metabolic rate constant for dioxane 10 HEAA, hr-!
Amount of dioxane in the body, mg
Amount of HEAA in the body, mg
Volume of distribution of dioxane, mi
Volume of distribution of HEAA, mi
ation of di in plasma, pgfmi
Conccmmion of HEAA in plasma, ug/mi
i of di excreted, ug
Cumumive amount of HEAA excietad, uf

Expoam
< = C2 max

Ptasma Concentration, ug Dioxane/ml

O - N W H DO N WD

0 4 8 1216202t2832:n4044485258806488727680
Time, Hours

FIGURE 2. Simulated plasma concentration-time curve for humans exposed to 50 ppm dioxane for 8
hr/day. Parameters used for the simulation were obtained in the 6 hir axposuca. Parameter valucs are
shown in Tabie 6,

s
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was pocrly eliminated by the kidneys. The metabolic clearance of dioxane
was 75 mi/min. Thus, metabolism of dioxane to HEAA increased the rate
of removal ¢ dioxane from 0.34 to 121 mi/min.

DISCUSSION

The fate of dioxane in humans after exposure to 50 ppm for 6 hr was
determined in order to provide a rationale for extrapolating extensive
toxicological information obtained with rats under a variety of conditions
and dosages. This would allow us to assess the hazard of dioxane
exposures to humans in the workplace. The pharmacokinetic profile of
dioxane in humans was essentially as predicted from previous studies
conducted in rats. Dioxane was eliminzted from the body primarily by
metabolism to HEAA, which was subsequently eliminated rapidly in the
urine. The half-life value for overall elimination of dioxane in humans was
approximately 1 hr; in rats given single intravencus doses the half-life
value was dependent on the dosage level, but the lower doses of 3 and 10
mg/kg had haif-life values of 1.1 and 1.5 hr, respectively (Kociba et al,,
1875). :
The elimination of dioxane in humans after a 6 hr exposure was linear
when the logarithm of concentration was plotted against time (Fig 1),
indicating that the metabolism of dioxane was a first-ordes process not
saturated by the dosage. Since the toxicity of dioxane was observed in rats
only at dosages higher than those that saturated the metabolism of
dioxane to HEAA (Kociba et al., 1975; Young et al., 19763), and since
this study shows that the detoxification of dioxane in humans exposed to
50 ppm is not saturated, it is concluded that exposure to 50 ppm dioxane
in the workplace will not cause adverse effects.

The pharmacokinetic modsl for dioxane in humans, Table 3, can be
used to make predictions of the concentrations or amounts of dioxane or
HEAA in the body ai various times after any dosage regimen, assuming
that the pharmacokinetic constants do not change with dose’ jevel and
duration of dosage. The overall elimination rate equation, XCp , is 2ctuzlly
an approximation of the Michaelis-Menten form of the rats equation,
Ve Co/lKm +Cpl, where the concentration of dioxane {Co) is small
relative to the Michaelis constant (K, ), and thus the equation becoines
Vo lKn =K. At higher dosages, C, becomes jarge enough to mike the
approximation V, [K, = K invalid, and the pharmacokinetics of dioxane
become nonlinear. in humans the values for V,, and K, are not known,
and thus predictions of the fate of dioxane in humans at dosages above 50
ppm cannot be made. However, at concentrations of 50 ppm or fess the
elimination of dioxane can be predicted because V,, /K, = K will remain
constant, and the pharmacokinetics will be linear. It is therefore important
that 99% of the steady-state plasma concentration was attained in the 6 hr
exposure, since further exposure to dioxane would have ied to less than




DIOXANE iN HUMANS

TABLE 6. Parametors Used 1o Simuists Repaated Exposures to 50 ppm Dicxane Vapor

Dsfinitions

ﬂmum;mmdmmmmmaam

Maximum plasma concentration of dloxane after the firss dose.

Miniesum plasma concantration of dioxane sfter the first dous and just prior to the
second doss.

Maximum plasina concentration of dioxans at steady stste.

Minimum slasma concentrations of dloxane at stusdy state, just prior to the next dose.

Equaticns

—lﬂ(!-P‘IKmeB!ﬁCfmmﬂme
{1 = e~KT} 1y K, where T is the exposure time and other constants re defined
in Table 3,
1/l — e~KT], where = is the interval between the starts of successive

C' {'—K‘f- n,
. cmm -eK7),
CroinlChnin * 111 = 2 K71,

&, = 76.1 mg/hr (S0 ppm) » 12,165 ugimi
Vg= 8746 mi » 12,165 ug/eni
K =07129 8" = 0.00013 pg/mi
r =8hr = 0.000%3 ugimi
r 24 = CoinlChasn = 1.00
=3.2hr
[2 26h

dioxane will not accumulate in the body after continuous or repeated
exposures. The pharmacokinetic profile of dioxane reported herein
together with toxicological data and industrial experience suggesis that a
limit of 50 ppm dioxane provides a safe working environment.
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We routinely analyze production lots of polyethylene
glycol prior to shipment for 1,4-dioxane using a different
gas chromatographic method. The 1,4-dioxane level is less
than 3 ppm.

We have not identifisd any analyses by Dow of ethylene
glycol or diethylene glycol products for 1,4 dioxane.
However, we are attempting to develop an analytical method
to determine what level of 1,4 dioxane, if any, is in
these chemicals.

We trust that the irformation we are submitting will be
useful tc EPA.

Sincerely,

S e

E LeBeau, Director
Health & Environmental Sciences
1803 Building
dhr

attachments
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UNION TARBIDE CORPORATION 38 0u0 AOGERUAY BOAD, BANSURY, CT ose3-o00t

INERISTRRAL THEMICALS DOVEEn
Deacember, 1988

Dear Union Carbide Customer,

The purpose of this letter ig to advise you that our CARBOWAX® Polyethyleme
Glycols sbove the molecular weight of 200 deo not contain toxic chemicals in
quantities subject tc the reporting requirements of Sectiom 313 of Title III
of the Superfund Amendments and Reauthorization Act of 1986 {(SARA) and 40 CFR
Parz 372. Howaver, our CARBOWAXY Polyethylena Clycols do contain trace
amounts of materials which are included on the State of California‘s list of
carcinogens and reproductive toxicants under the provisions of the Safe
Drinking Water and Toxic Enforcement Act of 1986, also known as Propositiom 65.

The following chart outlines the CARDOWAR® Polymthylens Clycols manufactured
by Union Carbide and the typical maximum ieveis of the trace "Proposition 65"
materials contained within each product.

e LYEICAL HAXIMING LEVELS (PPW)
ETHYLENE

—ALDE_ OIOXKARE [ORMALOEHYDE ACEYALREHYDE

CARBONAX (R) Methoxy Polyethylene Glycols 350 to 5000
CARBOWARER) Dolyethylene Glycols 300 to 8000
CarOvaX (™} seNTRV(RY Poiyethyiens Glycols 308 te BOOD
Polysthylene Gliycol Compound 20M

carsonax{R} TrEgG 990

Fleagse e aware that Ethylene Oxide has been listed by the State of California
as a carcinogen and reproductive toxicant. Dicxsne, Formaldehyde, and
Acetaldehyde have been listed as carcinogens.

We are in the process of updating our Material Ssfety Data Sheets (MSDSs) to
reflect this (and other} right-to-kaow information, sand plan to have thase
available and distributed within the first quarter of 1989. Io the sssutcime,

plesse add a copy of this letter to sach of the MSDSs for those products
listed which you have received from us.

Should you have any questions on this informstion we would be happy to addrass
them. Thank you for your continued business.

Very truly yours,
Union Carbide Corporation
Industrial Chemicals Division

Qm..._//»?

Patricia L. Cody
Product Sa!cty Manager




600 South Wagner Road

= Ann Arbor. M1 48106 ULSA.
Telex: 810-223-6038

Fax: 113-761-1208

{313) 685-06851

GelmanScences Octuber 6. 1938

Dr. Wiaifred A. Oyen
Director

Midland Co. Health Dapt.
125 W. Main St.

Midland, MI 48640

Dear Dr. Oyen:

We sent you information about 1,4-dicxane contamination at rast stops.
Since the date of that communication, we have discoversd that 3,000
parts per billion of 1l.4-dioxane is preaent in aircraf: deicing fluids.
In scanniag through the Act 307 liat of the DNR, we f£find that a number
of airports and military bases arcuad tha state Rave basa cited by tha
DHR as causing groundwater costamination. With the 244itional Xfowli- -
edge that the sthyleme glycol contzins 1,i-dlaxane. tha problem may be
more seriocus than originally anticipated.

We suggest yom contact your state hesalth departrenc to j——ediateiy
start taxing well samples of any wells surrounding sources of knows
ethylene glycol contamination to determine whethar 1,4-diczans la
present. It would also be appropriate for you to alert tke DER oftice
within your area to make them awavs of this ajituation and alert tham
to contamination at airports, military bases and at rest atops. We
have not alerted local DNR officials abowt the rest stop situstiom.

Sincerely yours.,

Charlas Galman

Chairman and

Chief Exscutive Officer
CG/dr

70546G(1)




< 300 Soutn Wagner Roac
Anp Arbor, Mi 48108 USA
Tolgx: 810-223-6038
Fax: 313-761-1208
{313) 665-0651

- 2 GelmanScences

_ October 17, 1988

Dr. Winifred A. Oyen
Director

Midland Co. Health Dept.
125 W. Main St.

Midland, MI 48640

Dear Dr. Oyen:

We recently discovered that fresh esthylens giycol in asutu radiators
and Adeicing fluids contained as much a3 20,000 parts par hillica of
1,4-dioxane.

One potential situation of public health sigaificance has been brought
te our attention. At the end of the Summer 3eason. people who own
summer cottages or lakeside cottagea usually £i11 thair pipelines and
toilet systems with ethylene glycol. 1,4-dioxAne ILrom thess sumnmer -
cottages would go directly into septic £islds and then into the drimk-
ing water supply.

Prasently., the Michigan Department of Haalth sets a groundwate. visk
appraisal lavel of one part per pillion of l,4-dioxane.

We beliseve the same problem exists with state, county and local parks.
BV vehicles and large boats follow the same practice.

You should inform your coastitusats of aay public health risks from
this practicea. -

Sincerely yours, .

7N L a .
([_/{;LLVJQZLI//?M*’

Charles Gelman
Chairman and
Chief Executive Officar
FO565G{70566G)

Enclosures




= -~ - Qetober 1), 1988 Ann Avbor, Michigan 48108-7155
: {373 971.9890
Michigan Department of Public Health
Lansing, Michigan

It is becoming evident that the chamical 1,4-dioxane iz moch
more widely distributed in the environment than had previously
been suspected. 1,4-Dioxane has been found to ba a common
contaminant of antifreeze fluids. 1,4-Dioxane moves readily into
groundwater, and is not retarded significantly az the groundwater
moves throungh various soils, so that it can spread readily from
its sources of origin.

The assessment of potential risks iz hamperad by the fact
that to date nc maximum contaminant levels have been established
for 1l,4-dioxane by the U.S. EPA Office of Driniing Water,
although a health advisory document exists. The Michigan
Dapartment of Public Health has alsc developad a very
conservative risk assesament document.

In addition, an extensive Draft Health and Environmental
Effects Assessment for l,4-Dioxane (R. Hartung, Sept. 23, 1987) S
exists, That document has been widely circulated and has received — -
extensive peer review. That document provides a vaciety of ‘
limiting concentrations for drinking water, using various methods
which use a variety of asaumptions, for the derivation of. such
values. Although l,4~dicxane is carcinogenic to laboratery :
animals at extremely high dose levels, the available information
strongly supperts the existence of a threshol? for toxzic effects
for this compound. The most sensitive effects found were non~ .
cancer effects in liver and kidneys in lifetime exposures to
rats, and a drinking vater criterion was basad on the absence of
thogse effects, uasing a 100-fold safety factor. The resulting
reference dose (RED) was 0.096 mng/kg/day for.a life tims. The
resulting drinking water limit was 3.36 mg/L, which could be
rounded off to 3 mg/L.

To this date, this particular risk assessment is most
strongly supported by the existing scientific data on 1,4~
dioxane. The additional conservatisms used by the Michigan
Department of Public Health appear to be founded largely on tha
desire to incorporate conservative risk management parspectives
into the risk assessment process.

At this time it is becoming increasingly impertaat to
collesct all of the environmental and health related information
en 1,4-dioxane, assess it, expose the assessment to the broadest
possible pear teviéw, and then develop the appropriste manzgement

for 1,4~-dioxane.
s&;mu;.y,
B léna:tung b )
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REMOVAL OF 1,4-DIOXANE FROM WASTEWATER

G.M. KLECKA® and 5.J. GONSIOR

Environmental Chemisiry Research Laboratory, Dow Chemical U.8.A., Midland,
Ml 48674 (U.8.A.)

{Received June 1, 1885; arcepted in revised form September 10, 1988)

Summary

Chemical methods were evaluated for the treatmen: of 1,4-dioxane in industrial pro-
cess wastewaters, The compound was rapidly oxidized by a combination of hydrogen
peroxide and ferrous iron, although the rate of organic carbor ~emoval was considerably
slower than the disappearance of 1,4-dioxane from soletion. Chlorine uxidstion at 75°C
was also found to be highly effective. The rate of the reaction 'was greatast at pH 5.2,
suggesting that hypochiorous acid wax the preferred oxidant. },4-Diozane appeured to
be corapletely oxidized during chlorination, althougl the removal of organic carbon was
somewhat siower than the disappearance of the parent comp aund.

Intrcduction

1,4-Dioxane (1,4-diethylene dioxide) is used for a variety of industrial ap-
plications including, as a solvent for cellulosics and a wide range of organic
preducts, a wetting and dispersing agent for textile processing and printing,
and as a stabilizer in certain chiorinated soivents. Process waters arising from
these operations may contain 1,4-dioxane as a result of spills or through the
routine discharge of wastes. Although the levels of 1,4-dioxane present in
plant effluents are likely to be low, under certain conditions it may be desir-
anle to pretreat more concentrated process wasie sireams to remove the
coinpound. However, methods for the removal of 1,4-dioxane from such
wrtewaters have not been deseribed.

1,4-Dioxane is generally considered to be nonbiodegradable. Results of
the biochemical cxygen demand test for 1,4-dioxane indicats that negligible
oxygen is consumed over a 20-day test peziod {1]. Mills and Stack [2] have
also noted that degradation of the compound was not observed in cultures of
sewage microorganisms exposed for 1 year to wastewster treatment plant ef-
fluents adjusted tu contain 1,4-dioxane at eoncentrations ranging from 100
1o 900 mg/L. Thus, it appears unlikely that significant removal of 1,4-diox-
ane will occur in conventional hiclogical treatment systems.

*To whem correspondence shuuld be addressed.

0304-3894/86/$03.50 © 1986 Elsevier Science Publishers B.V.




A3 an alternative to biological treatment, physioal or chegiical methods
can be considered for the removal of 1 4-dioxane “from: indastEal process
. wastes, However, in view of the infinite water solubrility and low Vvapok pres-

sure (30 mm st 20°C) [3] of the compound, physical treatment by sirstyip-
-ping or activated carbon adsorption is not likely to be highly effective. Pre-
liminary studies conducted in our laboratory have indeed confirmed this ob-
servation. As a result, the present study was conducted to evaluate chermical
methods, including chlorine and hydrogen peroxide oxidation for the treat-
ment of industrial wastewaters containing 1,4-dioxane.

Experimental

The oxidation of 100 mg/L of 1 4-dioxare by hydrogen peroxide in com-
bination with a ferrous iron salt (Fenton’s reagent) [4] was examinegd in
aquecus solutions containing 115, 230 and 465 mg/L of H,0,. These levels
correspond to H,0,:dioxane molar ratios of 3:1, 8:1 and 12:1, respectively.
Reaction mixtures were prepared by cerebining the appropriate amount of a
30% H,0, solution with distilled water, and adjusting the pH of the selution
to pH 5.51 0.2, Test reaction mixtures were supplemented with 200 mg/L
of FeS0,:7H,0. Control reaction mixtures were prepared as above, except
that the ferrous iron was omitted. Solutions (final volume of 200 mL) were
transferred to amber bottles and incubsted st an ambient temperiture
(25°C). Reactions were initiated by the addition of 20 mg of 1,4-dicxane
(neat). Samples were remaoved periodically, diluted with an equal volume of
60 mM Na,SO, to quench the reaction, and analyzed as described below.

Chlorine oxida‘ion of 100 mg/L of 1,4-dioxane was initially examined in
water soltions containing 1000 mg/L of NaOCl {comesponds to NaOCh:di.
oxane molar ratio of 12:1). Reaction mixtures were prepared by combining
the appropriate amount of a 5% NaOCl solution with distilled water, and ad-
justing portions of the mixture to a PH of 2, 6 and 11, Test solutions {final
volume of 200 mL) were transferred to amber bottles and incuhated at an
ambient temperature (25°C) or in & water bath at 75°C. Reactions were ini-
tiated by the addition of 20 mg of 1,4-dioxane (neat). Samples were re-
moved periodically, diluted with an equal volume of 60 mM Na,S0; to
quench the reaction, and analyzed as described below.

The effect of pH on the oxidation of 1,4-dioxane by agqueous chlorine was
examined in reaction mixtures prepared using 1.0 NaH,PO, buffers ad-
justed to & pH ranging from 5 to 6.5. Portions of the appropriate buffer were
transferred to amber bottles and supplemented with 100 mg/L of 1,4-Giox-
ne and 2000 mg/C of NaOCL. Reaction mixtures {fina] volume of 200 ml]
each) were incubated in a water bath at 75°C.

1,4-Dioxane was analyzed by gas chromatography by direct injection of
agueous samples. Chromatography was performed using & Hewlett—Packard
model 5730 gas chromatograph with a flame ionizs*-on detector. The anatyt-
ical column (glais; 10 £t. X 0.25 in.) was packed with Tenax GC (Supeico,




Inc., Bellefonte, PA). Compounds wers eluted from the column isother:
at an oven temperature of 150°C with & hehum crrrier gas at » fiow ra of
30 mL/min. Cutput of the fiame ionization detector /a8 connected 16.a -
Hewlett—Packard model 3380 recording integrator. Al valies wete cileu-
lated from peak height measurements by comparison with an extethal stap-
dard of 1,4-dioxane prepared in water. R
Total organic carbon was determined using either a Beckmerin mod
915B or Dohmmann model 80 total carbon analyzer. Total organic catbon
concentrations were calcuiated from the difference of the total carbon snd
inorganic carbon concentrations of 2 sample. The instruments were cali-
brated using potassium biphthalate and sodium carbonate ss standards.

Results and discussion

1.4-Dioxane was rapidly degraded by a combination of hydrogen peroxide
and ferrous iron, ¢s shown in Fig. 1. No degradation was observed in the con-
trol. The compound was rapidly oxidized during the first hour in it test
solutions; however, the rate of the reaction decreased thereafter in reaction
mixtures concaining 3 or 6 moles H,0, per mole 1,4-dioxane. Complete re-
ruoval of the compound oceurred within 10h in test solutions containing
12 moles H,0, per mole 1,4-dioxane. During incubation, the pH of ail test
solutions rapidly decreased from pH 5.7 to pH 2.9 due to acid formation
during the reaction. These conditions are within the optimum range {pH
2.5—4.0) reported for the oxidation of organic compounds by Fenton’s re-
agent [5].

1.4-Dioxane Conceniration (mg/L}

Time (h)

Fig. 1. Oxidation of 1,4-dioxane by a combination of hydrogen peroxide and ferrous
iron,
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Fig. 2. Removal of 1 4-dioxane and organic carbon du.ing hydrogen peroxide oxidation.

To determine whether 1,4-dioxane was completely oxidized during the re-
action, samples of the test solution containing 12 moles H,0, per mole com-
pound were periodically analyzed for the concentration of organic carbon
remaining in solution. As shown in Fig. 2, the rate of organic carbon removal
was considerably slower than the disappearance of 1.4-dioxane fxom solu-
tion. After 10 h of incubation, removal efficiencies were 97% and 10.5% for
1,4-dioxane and omganic ¢carbon, respectively. Following 24 b of incubation,
the organic carbon concentration of the reaction mixture was decreased by
48%.

The stoichiometry calculated for the oxidation of 1,4-dioxane,

C,H,0, + 10 H,0,~ 4 CO, + 14 H,0 1

suggests that 10 mol hydrogen peroxide are required for the complete degre-
dation of 1 mol 1,4-dioxane. While removal of the parent compound oc-
curred rapidly in test solutions containing a 12:1 molar ratio of H,0, to
1,4-dioxene, the oxidation of the residual organic catbon was considerably
siower. The incomplete oxidation of organic comnpounds by & combination
of hydrogen peroxide and ferrous iron has been previously desciibed [6].
and appears to be due to the formation of low molecular weight organic
aldehvdes and acids which are resistaat to further chemical oxidation. How-
ever, such products are known to be readily removed by conventional biolog-
ical treatment processes.

A series of experimenis were also conducted to examine the chlorine oxi-
dation of 1,4-dioxane in agueous solution. Pref’minary studies indicated that
the compound was not degraded at 25°C in reaction mixtures prepared at a.
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Fig. 3. Chlorine oxidation of 1,4-dioxane in water at 75°C.

pH of 2, 6 or 11. However, when solutions consaining 100 mg/L of 1,4-diox-
ane and 1000 mg/L of NaOCl were agjusted to pH 2 or pH 6 and incubated
at 75°C, the compound was rapidly degraded as shown in Fig. 3. The rate of
the reaction ot pH 6 changed with time. This was presumably due to a de-
crease in the pH of the solution from pH 6 to pH 2.8 as a result of acid for-
mation during the reaction. The rate of oxidation was negligible in test solu-
tions prepsred at pH 11.

The effect of pH on the oxidation of 1,4-dioxane by agueous chlorine at
75°C was subsequently examined in reaction mixtures prepared using 1.0 M
NaH,PO, buffers over the range from pH 5.2 to 6.5. Results of the study are
shown in Fig. 4. Destruction of 1.4-dioxane at 75" proceeded rapidly at
pH 5.2, with an initial removal rate of approximately 32.6 mg of 1,4-dioxane
consumed per hour. The rate of oxidation decreased as the pH of the reac-
tion mixture was increased, and was negligible at & pH of 6.5 (see Inset, Fig.
4).

To determine whether 1,4-dioxane was completely oxidized during the
reaction with chiorine, samples of the reaction mixtuye prepared at pH 5.2
were periodically analyzed for the concentration of organic carbon remain-
ing in solution. As shown in Fig. 5, the rate of organic carbon removal was.
somewhat slower than the disappearance of 1,4-dioxane from solution. After
8h of incubation, removal efficiencies were 97% and 70% for 1,4-dioxane
and organic carbon, respectively. Following 24 h, the orgenic carbon concen-
tration of the reaction mixture was decreased by 85%.

Chlorine oxidation was found to be highly effective for the removal of
1,4-dioxane from water, although the reaction rates wexe shown io be
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Fig. 4. Effect of pH on the oxidation of 1.4-diozane by aqueous chiorine in 1.0 M
Nal, PO, buffer at 75°C. :
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Fig. 5. Removal of 14-dinxane and orgasic carbon during chlorine oxidstion chloting.
tion at pH 5.2 at 75°C.




