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Abstract

1,4-Dioxane is a potentially carcinogenic solvéinis a problematic groundwater contaminant
because of its unique physical-chemical propertias.found in a wide range of consumer
products as a by-product contaminant. This reseasmbd to investigate contaminant properties
and behavior of dioxane in the environment and ssbe human body. The dioxane ability to
decontamination by adsorption processes was eealwath four adsorbents. The adsorption
efficiencies of activated carbon (AC), metal oxidmomaterials (Tigand MgO), and
diatomaceous earth (DE) were assessed in aquedwspar phases using infrared
spectroscopy. AC showed the highest adsorptivectigifar dioxane at equilibrium in both
phases. The rate and extent of dermal absorpt@mgortant in the analysis of risk from
dermalexposure to dioxane. For this purpose, a new flowugh diffusion system (FTDS) was
developed by modifying a Bronaugh flow through wibn cell with flow capacity in both the
donor and receptor compartments and using attesht@ti reflection Fourier transform infrared
spectroscopy (ATR-FTIR) as the analytical technidtEDS can provide ‘real time’ quantitative
high-density permeation data over time and is dtaraed by the simplicity of its use and the
low cost of test samples. The vitro dermal absorption study of dioxane across humam sk
showed that the absorption parameters of dioxame &6 + 0.22 hr, 5.7 X 10 (0.62) cm/hr,
0.286 + 0.035 mg/cfthr, 4.8 X 10° (+ 0.32) cn/hr, and 1.99 + 0.086 mg for lag time,
permeability, steady-state flux, diffusivity, aratdl amount absorbed over 8 hr, respectively.
The study of the effect of the surfactant sodiuarybsulphate and solvent systems water,
ethanol, propylene glycol, and ethyl acetate omgation profiles revealed that these solvents
and surfactants increased the permeation of diog@méicantly. The FT-IR spectra of stratum

corneum treated with solvents showed that therebn@adening of the CHasymmetric



stretching vibration of the GHpeak near 2920 chonly in samples treated with ethanol. The
lipid extract precipitates were detected and weostim composed of the stratum corneum lipid

part.
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Chapter 1 - Introduction and Literature Review

I ntroduction

In recent years, concerns about environat@antamination by 1,4-dioxane (dioxane) has
steadily increased due to its probable carcinoggnithe present usage and historic disposal
practices have increased its contribution as ameajotributor to groundwater contamination
throughout the United States and elsewhere. Diokapeses greater challenges for its
characterization and treatment because of its enptpysical-chemical properties and behavior
in the environment. The presence of dioxane as@rdguct contaminant in cosmetics,
detergents, and shampoos that contain ethoxylatgddients is also partly increasing this
concern. Approximately, 22% of all the cosmeticd aleaning products may be contaminated
with dioxane as reported by Environmental Workimp@ researchers (EWG, 2007). Studying
behavior or properties of dioxane is of great ieséto risk assessors. Developing procedures or
methods to contain and mitigate contamination @naediate or decontaminate indoor and
outdoor environments is so crucial to the succésigoaane risk management. Furthermore
providing accurate data about the routes by whdkviduals are exposed and the parameters to

guantitatively evaluate possible exposures aressacg for successful risk assessment.

Our studies are an attempt to highlight some aspealioxane properties and behavior in the

environment and in a human body. This dissertatias performed:

- toinvestigate the potential ability of dioxane émcontamination by adsorption
processes from water and air.
- to understand the principles of dioxane transdeahabrption from water and

chemical mixtures.



To accomplish these objectives, a group of porowaisren-porous adsorbents were used in
aqueous and gas conditions at equilibrium. Thelibguim adsorption data were analyzed by the
Freundlich model of adsorption. A new flow throwsglstem was developed to provide high
density data sets for dermal absorption measurenidre transdermal absorption of dioxane
was assessed in human skin from water, solventss@arfiactant solutions. Generally, data on the
absorption of dioxane in humans following dermgd@sure are limited and arte insufficient to
create a comprehensive understanding about itsgosihbehavior across the skit.is hoped

that the findings of the current investigations| wifer suitable and reliable data to allow the

accurate assessment of risk following dermal exygosudioxane.



Literature Review

Dioxane Adsor ption

Dioxane Background

Dioxane Properties

Dioxane (1,4-diethylene dioxide) is a volatile,atéss liquid with a mild, ethereal odor. It
is heterocyclic ether chemical dsO? (figure 1.1). The compound is also known by many
synonyms such gsdioxane, diethylene oxide, 1,4-diethylene oxide] &,4-dioxacyclohexane.
Dioxane has two oxygen atoms as a part of itsstngcture. The oxygen atoms occur directly
opposite each other to form symmetrical ether lygkand resulti in two functional groups in one
molecule. The structure of dioxane makes it veaplet and fairly resistant to reaction with acids,
oxides, and oxidizing agents. This stability, undevide variety of conditions, makes dioxane

very suitable for use as an organic solvent.

Figure 1.1: 1,4-Dioxane Structure



The ring of dioxane is resistant for breakd except in the existence of highly
concentrated acids and strong oxidizers and urateditons of high temperature and pressure
(Reid & Hoffman, 1942). Dioxane has good solubiiitywvater, and this is related to the polarity
it attains when a pair of dioxane rings createnaediwith two intermolecular hydrogen bounds.
The two remaining oxygen atoms are available ftaraction with water molecules. Dioxane is
completely miscible with water and most organioseats, and water is totally soluble in
dioxane. The oxygen molecules of dioxane have relestavailable for sharing. Therefore, the
two oxygen atoms make dioxane hydrophilic and ex#lg soluble in water (Mazurkiewicza &
Tomasik, 2006). Although the ether functional greape not capable of hydrogen bonding to
each other, the electronegative oxygen atoms haeet@l negative charge capable of
interacting with the O-H dipoles of water molecu{¢allombroso, 2001). Compared to other
solvents and according to the classical rankingsobfecy, pure dioxane has intermediate degree
of solvency. However, its unusually high dipole narhin aqueous solution allows it to act as
an efficient water-structure breaker, which progidexane a higher solvency than predicted

(Mohr et al, 2010). Table 1.1 provides a list of some phydienaical properties of dioxane.



Table 1.1: Properties of 1,4-dioxane

Property Value
Molecular weight 88.106 Da
Density 1.028 gm/cr
Vapor pressure 5.08 kPa at 25 °C, 15.8 kPa at 5802¢ kPa at 75 °C
Boiling point 102.2°C
Heat of vaporization 98.6 callg
Freezing point 11.85°C
Flash point 12°C
Polarity 16.4
Solubility Miscible
Acid dissociation constant Kp=-2.92
Ultraviolate light absorption 180 nm
Henry’s Law Constant ( K dimensionless) 1.96 x 10
Octanol-Water Partition Coefficient Idg,) -0.27
Organic Carbon Partition Coefficient ld€y) 1.23

Sources{Mohr et al, 2010, Zenkeet al, 2004, Howard, 1990)

Dioxane Uses

Physical-chemical properties of dioxamake it very versatile and useful in a variety of
applications. Until 1995, dioxane was used ashilster for the solvent 1,1,1-trichloro-ethane
(TCE), whose usage was stopped because of itea&pietion potency (ECB, 2002). It is used
extensively as a processing solvent in the manuifisact and chemical processing of detergents,
cleaning agents, adhesives, cosmetics, varnishasnaceuticals, fumigants, emulsions,
deodorants, polishing compounds, fats, lacquessseoils, waxes, paints, dyes, plastics,
rubber, cellulose acetate, and pesticides. Soaps@metics containing ethoxylated surfactants

may also contain dioxane (Moét al, 2010). It is also used as an extraction mediunafamal



and vegetable oils and as a laboratory chemicaé(elin chromatography) and in plastic,
rubber, pharmaceuticals/insecticides and herbidi@e#\, 1991). Moreover, dioxane is formed
as an undesired by-product in many industrial pgses, particularly through the synthesis of
polyester, and it is also found as a by-produ¢hefethoxylation process in cosmetics,

detergents, and shampoos (ASTDR, 2012).

In food, residues of dioxane may be founthanufactured food additives such as
polysorbate 60 and polysorbate 80 and in some éfetdsused in frozen dairy products and
other frozen desserts (Marzudt al, 1981, Guo & Brodowasky, 2000). It is also fourscha

natural component in numerous foods like tomatsiesmp, and coffee (Sticknest al, 2003).

Dioxane Occur rence

The amounts of dioxane in the ambient emvitent have been studied extensively. Many
investigations have reported the existence of diexa monitoring samples of ambient air.
Measurements of dioxaine in ambient air sample®peed at 45 locations in 12 cities were
collected by the U.S. EPA between 1979 and 1984shoded concentrations ranging between
below detection an80 pg/ni (mean 0.44 pg/fh (USEPA, 1993). In a study conducted in New
Jersey in 1981, the geometric mean of dioxane curateon in air samples collected from
industrial areas ranged from 0.04 to 0.07 (fgnul dioxane was detected in 51% of the samples
(Harkovet al, 1981). The same locations of New Jersey weramngleal in 1982, and the results
pointed to a decline of dioxane concentrations,reliee geometric means of these samples
ranged from O to 0.0ig/m>; 20% of samples were positive with a maximum vaifig.31
ug/m3 (Harkovet al, 1984). No information on the ambient levels abine in air is available

for the recent years. Since the use of dioxana@sped in recent years, current levels of



dioxane in ambient air are likely to be less tharels reported in the 1980s or in earlier periods

(ASTDR, 2012).

Occurrence of dioxane in water has beenrtegon many countries. In Japan, the outcome
of nationwide surveys showed that the dioxane eotmation in surface water are ranging
between below detection and 3&/L in 1990, between below detection andu@L in 1994,
and between below detection andi4g2L in 1997 (WHO, 2005). In another surveys on giebu
and surface water, dioxane was found in 87% ofodéasrat levels up to 9w/L (Abe, 1999). In
the United States, municipal water supplies wepented to contain jig/L of dioxane in the
1970s (Krayhbill, 1978). Results from other natiodevsurveys on dioxane in water have
revealed varied ranges of concentrations. The Namp$hire Department of Environmental
Services found 67 locations at which dioxane wasatfed in groundwater at an average of 243
ug/L (Mohret al, 2010). In California, dioxane was determined awérconcentration of 1.1—
109 ug/L in groundwater, whereas drinking water samfii@s homes in Connecticut had
maximum dioxane concentrations of @§/L in untreated water in one residential well &2d
ug/L in treated water from another residential WABTDR, 2012). In a drinking water well in
Massachusetts, a concentration of 2,1 was reported (Burmaster, 1982). In Canada,
dioxane was detected in groundwater near landfiltoncentrations <{lg/L between 1983 and
1986. however, the concentrations were much highgroundwater beneath a landfill, where it

was 500ug/L (ECB, 2002).



Dioxane Environmental Contamination

Releases to The Environment

Dioxane may enter the environment durisgitoduction, processing, handling,
transporting, and formulation. Additionally, dioxamay remain as an impurity in many end-
products (ECB, 2002). Historically, dioxane hasrbesgeased into environment because of its
use as a TCE stabilizer. Currently, this sourceelgfase is anticipated to be very low because the

use of TCE has been stopped (ASTDR, 2012).

The amount of dioxane released to the enmient in the United State can be evaluated by
keeping track of the quantities reported in theit®Release Inventory (TRI) of U.S. EPA since
1988. However, these datasets are sometimes irzedwgcause only certain types of facilities
are required to report. Nevertheless, TRI datastlteiseful for providing approximate annual
amounts, sites and the final disposition of dioxeeleases. For example, in 2007, TRI data
estimated that a total of 182,338 pounds (82,693®kdioxane were released to the environment
from 44 reporting facilities in 21 states, wher& Bd1pounds (56,854 kg) were released into the
air, 56,996 pounds (25,853 kg) into water, 596 pisui270 kg) onto land, and 2,200 pounds
(998 kg) were released in other ways. In additeamestimated 2,794 pounds (1,267 kg) were

transferred off-site (TRI, 2013).

In general, TRI data showed that a totdl&#86,142 pounds (8,161,797 kg) of dioxane
have been released into the environment in theedr8tates between 1988 and 2012. Total on-
site disposal or other releases were 11,717,378d%0(b,108,123kg) and 7,068,768 pounds
(3,053,673kg) for total off-site disposal or otheleases. Total releases of dioxane to air and

water were 6,522,259 pounds and 4,273,124 pouesigectively (TRI, 2013). Releases of



dioxane to air and water have decreased significantast the decade. Releases to air reported
in the TRI database have decreased from a higd780 pounds in 1989 to 87,910 pounds in
2012. Discharge to water reported to TRI databaseased from 203,320 pounds in 1988 to
652, 296 pounds in 1993, and then declined to 8382012 (TRI, 2013, Mohet al, 2010).

TRI data for estimated annual releases and dispbsibxane are represented in figure 1.2. The
releases of dioxane as a by-product can by asséssegroduction of plastic, manufacturing of

alkyl ether sulphates, ethoxylated surfactantstartiles (Mohret al, 2010).
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Figure 1.2: Estimated releases and disposal of dioxane in W& 988 through 2012.
Source: TRI — USEPA sitéttp://www.epa.gov/triexplorgr
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Sour ces of Contamination

The sources of contamination in the envirentcaused by dioxane can be classified into

two types of sources, point and nonpoint sourcemonfamination.

- Point sources of contaminatioRoint sources of contamination include spills and

previous land disposal practices. Dioxane is oftetected in landfill leachate,
groundwater beneath municipal and industrial ldisgfand in landfill gas and landfill
gas condensate. But, not all landfills are impidan releases of dioxane. Landfills are
most likely to involve as point sources of dioxaoatamination. Usually, landfills
implicated in groundwater contamination by dioxémese that are receiving solvent
wastes, household products associated with mekthgtaform, paint filters, laboratories
chemical wastes, industrial sludge from ink andilexnanufacturing, adhesive products
used in celluloid film processing, vapor degreastildjbottom, and resin production
(Mohr et al, 2010).

The mean concentrations of dioxane in leachateralfflll sites are widely variable.
U.S. EPA surveys reported that the concentratiatiaxane in leachate from municipal
landfills was ranged between 11 and 323 ppb, aaévlerage concentration at hazardous
waste landfills was between 466 and 7611 ppb (WSEB00). The concentration of
dioxane was also reported to be Ou82m® and 0.33 g/rhin landfill gas in many sites

throughout the United States (ECB, 2002).

- Nonpoint sources of contaminatioNonpoint sources of dioxane’s contamination,

usually, come from wastewater effluent dischargeddterways. A by-product
(impurity) daioxane in end use of some products likdomestic detergents, shampoo,

and personal care products, which mostly come tnoosehold discharges to be released
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to sewers along with surfactants (Abe, 1999). Diexas an impurity is formed during
the manufacture of alkyl ether sulphates and sdahmexglated compounds. About 80%
of this can be removed by a stripping process. ibeg, dioxane (as an impurity) may
be released as stripper condensate and dischargjeel drainage system, where it is
diluted by other waste streams and arrive at theesas trade waste (NICNAS, 1998).
Dioxane has been detected in raw wastewateeitlthited States and Japan. In the
United State, dioxane was found at 1 ppb in efflsérom the North Side and Calumet
sewage treatment plants on the Lake Michigan Basidischarges into Lake Michigan
near Chicago (Konasewiat al, 1978), and in North Carolina in the Haw River
(Dietrich et al, 1988). It was also detected in samples from rastewater (3 ppb) and
treated wastewater effluent (2 ppb) in Ann ArborciMgan (Skadsegt al, 2004). In
Japan, dioxane was found at 0.2 to 0.56 ppm iedesffluent from a wastewater-
treatment plant in Kanagawa Prefecture. The soafrdéoxane was assumed to be come
from households discharging shampoo, liquid disehway and laundry soap (Abe,

1999).

Dioxane Behavior in Environment

Discharging industrial wastes into the emwvinent are generally associated with
degradation of water quality and hazard to humaheaological health. Numerous compounds
in industrial effluents decay with time becauséiodegradation, physical removal, or chemical
reaction to less harmful by-products. The tendeiahemicals to volatilize, hydrolyze, photo-
oxidize, adsorb, and biodegrade plays an importdatin their behavior in the environment,
such as their diffusion or migration through swigter, and air, and in which phase the chemical

is present (liquid, gas, or solid) (Moét al, 2010).
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Dioxane is resistant to hydrolysis becaus®eés not have functional groups that are
susceptible to hydrolysis. Hydrolysis of dioxan@dt expected to occur in the environment, as

ethers are generally classified as resistant todiysls (Aus, 1999, Wolfe & Jeffers, 2000).

Photooxidation of dioxane in the atmosphgtbe primary loss mechanism and mostly
occurs with OH radicals, whereas the photolysistiea occurs with ozone molecules
(Grosjean, 1990). Dioxane also is resistant toqilisis and not expected to undergo direct
photolysis in aqueous media because it does notladight in the environmental spectrum (i.e.,
>290 nm), but it may undergo indirect photolysysalgjueous hydroxyl radicals near the water
surface (Anbar & Neta, 1967). However, some studa& found that direct photolysis of liquid
dioxane at 185 nm produces formaldehyde, glycolanimyl ether and ethylene, and at 147 nm

(in the gas-phase) gives formaldehyde and ethytetisprincipal products (BUA, 1991).

The vapor pressure of dioxane at 25 g Hg) presumes volatilization is
conceivable. However, the low Henry's law consfantlioxane of 4.8x18atn? m/mole
indicates that the transfer of this contaminantnfreater to air is insignificant (Thomas, 1990).
Based on this Henry's law constant, the volatikkrahalf-life is estimated as 7 days.
Volatilization from dry and moist soil surfaces magcur under vapor pressure of 38.1 mm Hg
(Daubert & Danner, 1985). Even though volatilizataf dioxane could exist, hazards to human
health from inhalation exposures are anticipatdaettow under normal environmental

circumstances (ASTDR, 2012).

Dioxane is relatively resistant to biodegt@oh. Laboratory studies have shown that
indigenous microorganisms in soil and waste watetypically unable to degrade this

compound (Zenkeet al, 2004). However, biodegradation has been repantethny studies in
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both pure and mixed cultures. For example, patgradation of dioxane in a pure culture of
Mycobacterium vacca@as shown but not to grow on the compound (Burl&aélerry, 1993).
Similarly, biodegradation of dioxane was reportedhee sole carbon and energy source by a
Rhodococcustrain (Bernhardt & Diekmann, 1991). A study on tgaster treatment plant
effluent showed no degradation of dioxane in celusf sewage microorganisms exposed for 1
year at concentrations ranging from 100 to 900 giglacka & Gonsior, 1986). In another
investigation, microorganisms existing in sludgemificipal or industrial effluent were unable
to degrade dioxane during 48 hours of exposurenaentrations ranging between 10 and 100

ppm (DCC, 1989).

The high solubility (4.31 x 2@ng L"), low log octanol-water partition coefficient {i= -
0.27), and a low organic carbon partition coeffitiéK,c = 1.23) of dioxane hints at a very high
mobility in soil. Therefore without a substantiggitadation process, dioxane is susceptible to
leaching from soil into aquifers. Dioxane is nosadbed to suspended sediments or soil as a
result of any particular interaction with the sedaof soil minerals; however, it can get trapped
in the interfacial region of clay soil becausetefdtrong hydrophilicity. This may show a lower
mobility for dioxane in clay soil than predictedn@hget al, 1990). In most chlorinated solvents
which have been contaminated aquifers, dioxanerigimated significantly beyond the
associated solvent plumes. The plumes of dioxangeesist after the source has been removed
or controlled, and they have been documented tsunedwice the length of the associated

solvent plumes and to affect an area up to sixdigreater (Walsom & Tunnicliffe, 2002).

No data are available about bioaccumulatiobioconcentration of dioxane. Dioxane

bioaccumulation is expected to be very low becadists low log K, and high hydrophilicity,
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and it is assumed that dioxane will not bioconaetm plants, aquatic organisms or animals.

Additionally, dioxane is not biomagnified to anytemt in prey organisms (VCCEP, 2007a).

The Toxicology of Dioxane

Data of dioxane health effect are vemyitied in human. Wherefore, toxicity of dioxane
has been estimated by considering studies in animdkls and available limited data from
human exposures. Investigations of toxicity in harage mostly based on these contain of case
reports of accidental or occupational intoxicatilomjted epidemiological studies of
occupational workers, and volunteer studies of@amlialation exposure. Data from human and
laboratory animal studies, taking together idenpidgential adverse health effects that may be
created from exposure to dioxane. Inhalation agdstion routes have been reported as the
primary exposure routes of dioxane intoxicatiomalation exposures to dioxane are mostly
associated with occupational settings. Althougbrdtare no data regarding the health effects of
human exposure via the oral route, usually, orpbsyres in humans may come from

consumption of contaminated drinking water (Mehal, 2010).

The liver and kidneys are the target organslioxane toxicity, and the data in laboratory
animals suggest that it takes place regardledseafaute of exposure. Many studies in animals
have provided detailed descriptions of hepaticramdl pathology in many species with different
dioxane concentrations and different routes of syp® Generally, various degrees of
hepatocellular and renal degeneration and nednasis been the main changes seen (ASTDR,

2012).
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T oxicokinetics

Dioxane metabolism and kinetics involve tinderstanding of how dioxane is absorbed,
distributed, metabolized, and excreted within thdybfollowing exposure by oral, dermal or
inhalation routes. The toxicokinetics of dioxane described by using data of human and animal
studies in addition to computer modeling amditro testing. The data of dioxane toxicokinetics
in humans are very limited, but they are well exygd in laboratory animals exposed through
oral, skin, inhalation, and intravenous routesadimals, radiolabelled dioxane has been used to
study the distribution of the chemical throughdwg body. In both humans and animals, dioxane
is metabolized t@-hydroxyethoxy acetic acid (HEAA) by mixed-functioridase enzymes;
under acidic conditions HEAA can be converted tbdipxane-2-one. Both of these metabolites

are quickly and predominantly excreted via kidneyhe urine (ASTDR, 2012).

Absorption

Dioxane is well absorbed following oral and inhalatexposure. Rapid absorption of
dioxane after inhalation exposure has been denaiadtm workers and human
volunteers, by measuring concentration of dioxarmeEAA in blood and urine
(Younget al, 1976, Younget al, 1977). Similar results were found in laboratory

animals’ studies for inhalation exposure (Yowt@l, 1978a, Youngpt al, 1978b).

Absorption associated with oral exposures wasuewet! in animals. Gastrointestinal
absorption was almost complete in male rats oeadiypinistrated with 10—-1,000 mg/kg
of radiolabeled dioxane, given as a single dosesdr7 consecutive daily doses (Young
et al, 1978a, Youngt al, 1978b). No human data are available to assessins of

dioxane via oral exposure.
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Dermal absorption information of dioxane are lirdite humans and animals. However,
anin vitro study has been conducted on human skin in whizkedie penetrated
excised skin 10 times more under occluded condittban unoccluded. Radiolabeled
dioxane was used with lotion which was appliedh®excised skin in occluded and
unoccluded diffusion cells. The study also repodetkcting rapid evaporation, which
further decreased the small amount available for aksorption in occluded and
unoccluded diffusion cells (Bronaugh, 1982a). Arotstudy in monkeys, dermal
absorption was reported to be low from a menthakan lotion vehicle. The ability of
the chemical to penetrate the skin was evaluatezkbgnination of radiolabel in urine

(Marzulli et al, 1981).

Distribution

No data are available for the distribution of diogan human and animals after oral,
inhalation, or dermal exposures. The only relat&a degarding distribution of dioxane
is that described in investigations involving ipteaitoneal exposure of animals.
Intraperitoneal injection of labeled dioxane in enedts showed that the tissue
distribution was mostly even through renal, hepatkeletal muscles, colon, and lung
tissues, with blood concentrations higher tharuéss(Wocet al, 1977b). Another
study in rats found that after intraperitoneal atign, the time to reach maximum
accumulation of radiolabel was shorter for lived &mdney than for blood or the other
tissues. Tissue to blood ratios for kidney, lived @rain were less than one, while the
testes had a ratio greater than one (Mikhetead, 1990). The principles of
physiologically based pharmacokinetic (PBPK) maugbtudy reported that dioxane

could be transferred to milk in lactating mothdfskeret al, 1997).
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Metabolism

The exact metabolic pathways of dioxane are nowkndliowever, many studies have
reported that HEAA is the main product of dioxanetaolism. Only one study
identified 1,4-dioxane-2-one as a major metab@Weo et al, 1977b). But, there is
some question about this compound as an ultimatabokte, and its presence in the
sample was believed to result from the acidic cion (pH of 4.0 - 4.5) of the
analytical assays. HEAA can be converted to 1,4ahe-2-one, and under alkaline
conditions, the reverse reaction takes place (B&Wioung, 1977). Generally, HEAA
may be generated from oxidation of dioxane via)} diethylene glycol. (b) directly to
1,4-dioxane-2-one . (c) 1,4-dioxane-2-ol. A prombseetabolic scheme for dioxane in
rats is presented in figure 1.3 (Webal, 1977a).

1,4-Dioxane oxidation was shown to be mediatethbycytochrome P450 (CYP450
enzyme in the liver). CYP450 induction with phendtdi@l or Aroclor and suppression
with 2,4-dichloro-6-phenylphenoxy ethylamine or atibus chloride were effective in
significantly increasing and decreasing, respebtjthe presence of HEAA in the urine
of male rats (Woet al, 1977a, Woeet al, 1978). Oxidation to diethylene glycol and
HEAA pathway seems to be the most probable, beadiaigylene glycol was found as
a minor metabolite in rat urine following a singl®00 mg/kg gavage dose of dioxane
(Braun & Young, 1977). Furthermore, intraperitoniegction of 100—400 mg/kg
diethylene glycol in rats resulted in urinary elivaiion of HEAA (Woocet al, 1977a).
Metabolism of dioxane in humans to the ultimateahetite (HEAA) is extensive
following inhalation exposure. In a study on adu#le volunteers exposed to 50 ppm
reported that over 99% of the dioxane was excratid 6 hours as HEAA instead of

the parent compound (Youmrgal, 1977). In a another study, the ratio of HEAA to
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dioxane in the urine of humans following a expoduorer.5 hour to 1.6 ppm dioxane
was 118:1, hinting nearly complete metabolismhest éxposure concentration (Young

et al, 1976).
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Figure 1.3: Sugyested metabolic pathways of dioxane in the rat. dioxane; Il = diethyler
glycol; 11l = B-hydroxyethoxy acetic acid (HEAA); IV = 1,4-dioxaeone; V = 1,4-
dioxane-2-ol; VI =p-hydroxyethoxy acetaldehyde. Note: Metabolite [¥]a likely
intermediaten pathway b as well as pathway c. The proposedyagth are based
the metabolites identified; the enzymes respondiimecach reaction have not b
determined. The proposed pathways do not accoumhé&babolite degradation to 1
labeled carbon dioxide (G identified in expired air after labeled Igdbxane
exposure.

Source: (Woo et al., 1977a)
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Excretion

Dioxane is mainly execrated as HEAA in urine. Hoemthe expiration of dioxane in
breath increases at higher doses due to metaladlicasion. In workers exposed to a
time-weighted average of 1.6 ppm for 7.5 hours, @%ioxane excreted in urine was
in the form HEAA metabolite (Younet al, 1976). In adult male volunteers exposed
via inhalation to 50 ppm dioxane for 6 hours, tReretion half-life was 59 minutes
(Younget al, 1977). There is no information about excretionliokane in humans
following oral exposures. Excretion of dioxane atsrhas been mainly through urine.
As in humans, half-life of excretion in rats expdse 50 ppm dioxane for 6 hours was
1.01 hours. Urinary excretion was 76% to 99% dependn the administrated dose
following oral exposure, where the urinary excnetitecreased as a dose increased.
Excretion of dioxane through respiration increaséti increasing dose (Yourgj al,

1978a, Younget al, 1978b).

After a single intravenous dose of 10 mg/kg of dio in rats, 4% of the dioxane was
excreted in the urine as dioxane, 92% as HEAA,®nhdvas excreted in the exhalation

air (Younget al, 1978a).

Health Effects of Dioxane

Many reports have described dioxane aspadverse effects due to acute and chronic
exposure. The human data mostly consist of caseteepf occupational intoxication, volunteer

studies, and epidemiological studies of workersupationally exposed to dioxane. The source
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of health effects data in animals mostly comes faetvort or long-term toxicity studies in

laboratory due to many exposure routes.

Acute Exposure

Earlier case reports of acute occupational poigpnirth dioxane pointed out that
exposure to high concentrations caused toxicithénliver, kidney, and central nervous
system (Barber, 1934, Johnstone, 1959b). Therécsird of adverse health effects
resulted from acute exposure to dioxane date frd881when factory workers were
exposed to high (unspecified) concentrations okan@ through inhalation. Some of
patients who displayed signs of liver changes,gased urinary protein and increased
white blood cell counts. Five deaths occurred withiperiod of 2 weeks of the onset of
illness. Postmortem findings suggested that heragicmephritis and centrilobular
necrosis of the liver may have been responsibléetbality (Barber, 1934). Another
case was documented in which a worker who diedvioiig exposure by inhalation and
direct dermal contact to high levels of dioxane\{fsen 208 to 650 ppm). The post-
mortem examination showed lesions in the livernkigs, brain, and pulmonary system.
However, the effects could not be easily separfated the effects due to high
consumption of alcohol (Johnstone, 1959b). Humdanteer studies showed that acute
inhalation exposure to >200ppm of dioxane for saverinutes caused irritation of
nose, eyes, and throat (Silvermetral, 1946). Following six hours exposure to 50ppm
dioxane eye irritation was also seen (Yoet@l, 1977). In a study of six individuals
exposed to 2,000 ppm dioxane vapors for three regmubhere were no clinical
symptoms or nasal discomfort, but one out of fodividuals exposed to 1,000 ppm for
five minutes complained of constriction of the thir¢Fairleyet al, 1934). The

exposure of 12 volunteers to 20 ppm dioxane fortaars yielded no significant
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respiratory effects during exposure or up to threers after exposure (Ernstgagtal,
2006). The available epidemiological studies inupational workers exposed to
dioxane have not provided evidence of effects im&s (Buffleret al, 1978, Thiesgt

al., 1976 ).

The acute and short-term toxicity investigationsliokane in laboratory animals have
been conducted with different routes of exposuctigting oral, dermal, inhalation, and
intravenous or intraperitoneal injection. Generadlgrly studies have provided
information on lethality of high concentrationsddbxane in many species (rabbits, rats,
guinea pigs, mice, cats, and dogs). These stutliedave indicated that the target
organs are liver, kidney, and lungs in some cdsgsosure to 5,000 ppm of dioxane
was lethal to rabbits, rats, and mice, while 10,0t was lethal to guinea pigs (Fairley
et al, 1934). Clinical symptoms of central nervous eystiepression also were shown,
including paralysis, coma, narcosis, and deathddel1951, Laugt al, 1939, Schrenk
& Yant, 1936, de Navasquez, 1935). The establislizg for acute exposure in rats via
the oral route is 5,200 ppm. The 44Zor rats through the inhalation route is 46 grh/m

(USEPA, 1996).

Chronic Exposure

The chronic exposure database for dioxane in humsdmsited. In an occupational
study to assess health effects in 74 German woekgrssed to dioxane concentrations
ranging between 0.006 and 14.3 ppm for an averb@gé (12 to 41) years in a factory
for dioxane production. The clinical evaluationtioé workers showed evidence of
abnormal liver functions where serum glutamate-asgtic transaminase (SOGT),

serum glutamate pyruvate transaminase (SGPT),is¢kphosphatase, and gamma
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glutamyltransferase were increased. No liver eela@nt or icterus was noticed. Renal
function tests and urinalysis were normal in expgogerkers. No signs of hepatic or
renal disease were found and no cancer was det@dtexsset al, 1976 ). Other studies
in humans suggested that chronic exposure to deoway play a role in renal failure

and death (Yaqoob & Bell, 1994, Bufflet al, 1978).

Subchronic and chronic toxicity studies have bemrdacted in laboratory animals to
identify potential health effects associated withg-term exposure. The majority of
these studies have been with oral drinking watposwre. Long-term inhalation studies
were limited and insufficient to describe the irgtaln risks of dioxane. Subchronic
toxicity studies have generally considered histoplaigical changes to be evidences of
organ-system toxicity. The most reported histoplaitical changes of subchronic
toxicity in rats and mice were renal cortical degiations and necrosis, hemorrhage,
hepatocellular degeneration, hepatocyte swellind,rauclear enlargement of nasal and
bronchial epithelium (JBRC, 1998, Stettal, 1981, Fairleyet al, 1934). Whereas,
chronic studies have reported that the pathologicahges were hepatocyte with
enlarged with hyperchromic nuclei, hepatomegalgngrulonephritis, gastric ulcers,
pneumonia, arthritis, atrophy of nasal olfactoritlegdium, nasal inflammation, delayed
ossification of the sternebrae and reduced fetdy lveeights (JBRC, 1998, Giaviet

al., 1985, NCI, 1978, Kocibat al, 1974b, Argust al, 1973, Arguset al, 1965).

Carcinogenicity Effects

Limited data are available regarding cancer anedsue to dioxane in humans. Survey
on 74 workers exposed to concentrations of dioxanged between 0.006 and 14.3

ppm for an average duration of exposure of nedlyéars. Two of twelve deaths were
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attributed to cancer which had been reported (Blaeal, 1976 ). In an occupational
investigation of 165 workers exposed irregularlyow level (0.1 - 17 ppm) of dioxane
in a manufacturing and processing facility at lesast month during a 21-year period
showed no apparent excess of total cancer deatliigiBet al, 1978). Limited
retrospective studies on 80 workers who inhaledahe with potential exposure of
0.18 to 184 mg/rhfor several years showed no evidence of occupetitisease or an
increased cancer occurrence comparing to the glgmapulation (NIOSH, 1977). In
three epidemiologic studies on workers exposedaxathe, the observed number of
overall death rate and the cancer death rate didiffer significantly from the expected

deaths (ASTDR, 2012).

Long-term exposure studies in laboratory animalgehreported that dioxane can cause
liver and kidney damage and induces hepatocelaridrnasal tumors. Moreover, in rats
nasal adenomas and carcinomas were also repoctainpanied by non-neoplastic
lesions in the nasal cavity. These lesions were @bserved in mice, but in mice
dioxane did not induce an increased incidence s@litamors (Kanet al, 2009, NClI,

1978, Kocibeet al, 1974a, Arguet al, 1973, Arguset al, 1965).

Based on evidence in humans and experimental ¢&)iarad due to the inadequate
evidence for the carcinogenicity of dioxane in hasand sufficient evidence for the
carcinogenicity of dioxane in experimental anintaks International Agency for
Research on Cancer (IARC) has assessed dioxamengsabGroup 2B carcinogen
(possibly carcinogenic to humans) (IARC, 1999). eintthe Guidelines for Carcinogen
Risk Assessment, dioxane is “likely to be carcimageo humans” based on evidence of

liver carcinogenicity in several 2-year bioassaysducted in many laboratory animal
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species (USEPA, 2005). Lifetime cancer risk af 100,000 has been assessed by the
U.S. EPA for people drinking-water contaminatedwvd0 pg/L dioxane (USEPA,
2013a). Based on both non-threshold and thresippdoaches, the World Health
Organization (WHO) has issued a guideline valuedfarking-water quality of 50 pg/L

dioxane (WHO, 2008).

The genotoxic effects of dioxane has been tededjin vitro assay systems with non-
mammalian eukaryotic organisms, prokaryotic orgasisand mammalian cells, and
also examineth vivoassay systems using many strains of rats and mioaost ofin
vitro andin vivo systems studies, dioxane was nongenotoxic or wegstotoxic

(USEPA, 2013D).

Remediation of Dioxane

Technologies that are effective for tregimhlorinated solvents are often not appropriate fo
treating dioxane because the properties of dioxangfrom those of chlorinated solvents. The
physical and chemical properties of dioxane posdlemges for removing dioxane from water.
Because of its high miscibility and low degree aftfioning to organic matter in soil, dioxane is
well suited to removal by groundwater extractioowdver, the low Henry’s Law constant of
dioxane poses other challenges for clean-up teored like air stripping. The low adsorptive
capacity of dioxane also limits the efficiency mdatment by granular activated carbon (USEPA,

2006).
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Many techniques are used for clean-up ofahe contaminated sites. The technologies
range from simplén-situ development of natural microorganisms to costliyaaded oxidation
processes. Some remediation technologies havertgussen their potential for success, but
other technologies do not have universal acceptdikeeair stripping and activated carbon
adsorption.

The most common techniques are advanced oxidatamegses, specialized sorbents, and
bioremediation (Mohet al, 2010).

- Advanced oxidation processese hydroxyl radicals, which are powerful oxidgédo

successively oxidize organic contaminants to cahoride, water, and residual
chloride. Two common processes include photo-inducedation using UV light with
hydrogen peroxide and hydrogen peroxide with ozbtyelroxyl radicals are released
from hydrogen peroxide added to contaminated wageause of UV light. Hydroxyl
radicals are also generated when ozone is addegitogen peroxide with or without
UV light (USEPA, 2006).

- Specialized sorbentsnany types of sorptive media have been testedsesa their

capacity to remove dioxane from water: surfactantifred zeolite, surfactant-modified
zeolite with zero-valent iron, macroporous polymegranulated activated carbon (GAC),
organoclays, and palladium-111, GACs made fromcaditiral by-products are common
sorbents used for dioxane removal from water (Matal, 2010).

- Bioremediationthis method involves placing contaminants in &tied water in contact

with microorganisms in attached or suspended graatlogical reactors (USEPA,
2006). Bioremediation has historically been avoidedause dioxane shows insignificant

biological oxygen demand and is considered to laively nonbiodegradable. However,
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recent studies have revealed that specific spetielants and microorganisms (like
some strains oActinomycet@andPseudonocardipcan successfully remediate dioxane

(Zenkeret al, 2000).

Adsorption

Adsorption is the phenomenon marked by a ahtandency of components in a liquid or a
gas phase (adsorbate) to attach as a monolayanaoltiéayer at the surface of a solid material
(adsorbent), and it may result from either physozathemical interaction with the surface
(Ruthven, 1984). The phenomenon of adsorption wsodered over two hundred years ago.
Gases uptake by charcoal was first investigate@.Byy. Scheele in 1773 and by Abb F. Fontana
in 1777. In 1785, T. Lowitz found that charcoal chatolorize solutions by a surface adsorption
mechanism (Ruthven, 1984). The site of adsorpsdhe place where the adsorbate and
adsorbent come in contact with each other. The cotde or atoms of the adsorbent are held
together by various forces which include electriosiateractions, van der Waals interactions,
hydrogen bound, charge transfer, ligand exchangegtdand indirect dipole-dipole interactions,

hydrophobic bound, and chemisorption (Suthersa®20

Atoms and molecules can attach themselvessanfaces in two ways: physical interactions

(physical adsorption) and chemical interaction (cloal adsorption).

Physical Adsorptionthis adsorption takes place as a consequencesgf\edifferences and/or
electrical attractive forces by which the adsaglbablecules become physically
attached to the adsorbent molecules (Everett, 19TiE) atoms located inside the solid

(adsorbent) are exposed to equal forces in alttimes, while atoms on the surface are
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exposed to unbalanced forces. The adsorbate adbedtessurface of the adsorbent
only through van der Waals interactions. Van deaWanteraction is the sum of the
attractive or repulsive forces between moleculgsaots of same molecules, and it is the
main forces governing the physical adsorption. ¥anWaals forces on a solid surface
arise due to London dispersion forces. The Londspedlsion force (LDF) is a force
between two instantaneously induced dipoles. ThE I9a force resulting from two
electrons in adjacent atoms occupying positionsrtieke the atoms create temporary
dipoles. An atom or molecule can form a temporapple when its electrons are
distributed irregularly about the nucleus (MarstiR&driguez-Reinoso, 2006). In
physical adsorption the attraction to the surfac@eak but long range and the energy
released upon accommodation to the surface iseaddme order of magnitude as an
enthalpy of condensation, and it is always exotheriithe physically adsorbed
molecule keeps its identity and on desorption retdo its original form. Physical
adsorption systems usually reach equilibrium rapidbwever, equilibrium may be
slow if the transport process is rate-determiniRguquerolet al, 1999).

Chemical Adsorptionin this adsorption process, the adsorbate bantiseetadsorbent by the

formation of a chemical bond with the surface. Cloahforces at the interface are
more complicated than these in physical adsorplibie. main chemical bonds involved
in chemical adsorption are ionic bond, covalentdy@md co-ionic bond. The
chemically adsorbed molecules are linked to reaqiarts of the surface, and the
adsorption is certainly restricted to a monolayéis interaction is much stronger than
physical adsorption. Generally, chemical adsorpltias more strict requirements for the

compatibility of adsorbate and surface site thayspdal adsorption. In chemical
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adsorption, if the adsorbed molecule undergoegiozaor dissociation, its identity will
be lost and cannot return to its original form lagarption. The energy of this
adsorption is the same order of magnitude as tegggrchange in comparable chemical
reaction. At low temperatures the chemical adsonpsiystem cannot reach
thermodynamic equilibrium because of insufficidtrgrmal energy (Rouqueret al,

1999, Emmett & Brunauer, 1937).

Many factors affect adsorption and influence itsazaty. The size of the adsorbate
molecule impacts its potential to be adsorbed ecatifisorbent surface. Large molecules
have more locations where van der Waal's forcesritute to attraction of the
adsorbate molecule to charged particles in adsarbéns attraction usually occurs
through temporary dipole generating from time-vagyelectron distribution or polarity
induced by charges on particles. The electronstaracted to the positive site in the
temporary dipole in the adjacent adsorbent surfaegling to a net attraction of the
adsorbate to the adsorbent surface (Mahal, 2010). The smaller particle size of
adsorbent gives higher adsorption rates. They eedernal diffusion and mass
transfer limitation to penetrate of the adsorbagide the adsorbent (i.e., equilibrium is
more easily achieved and nearly full adsorptiorabéjty can be reached) (Al-Anber,
2011, Ali, 2011). Surface area and porosity ofgbkd also influence adsorption
processes. Higher surface area and porosity ine@edsorption capacity. Polarity,
ionization, contact time, hydrogen bonds, and wstéubility are other factors which
affect adsorption. Non-polar compounds are moregto be adsorbed; more highly

ionized molecules of adsorbate are adsorbed tcadlesndegree than neutral molecules;
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and highly soluble and miscible compounds (hydriophare less prone to adsorption

(Dragun, 1988).

Adsorption | sotherm

Upon contacting an amount of sold (adsonpeih a compound (adsorbate) long enough,
adsorption will occur and continue until equilibmwvill be established between the compound
in solution or gas and the same compound in therbdd state. At equilibrium a relationship
occurs between the concentration (if liquid) anelspure (if gas) of the compound in solution or
gas and the concentration or the pressure of the sampound in the adsorbed state (amount of
compound adsorbed / unit mass of adsorbent). Atlearpquilibrium is commonly described by
adsorption isotherms (the mathematical models $ordee adsorption) whose parameters
express the surface properties and affinity of tsmebent, at a fixed temperature, and pH
(Snoeyink, 1999). Usually, the mathematical cotreta which establishes an essential role
towards the modeling analysis, operational desighapplicable practice of the adsorption
systems, is commonly depicted by graphically exgngsthe adsorbent-phase against its residual
concentration or pressure (Ncibi, 2008). In gelh¢na essential purpose of studying adsorption
isotherms is to identify circumstances for whicghhadsorption capacities are attained and to
estimate the shape of the curve relating the dajiuiin concentration of an adsorbate on the

surface of an adsorbent.

| sotherm M odéls

A wide variety of models for predicting thgudibrium distribution have been formulated
over the years, such as Langmuir, Freundlich, BranesEmmett-Teller, Redlich— Peterson,
Dubinin—Radushkevich, Temkin, Toth, Koble—Corrig8ips, Khan, Hill, Flory—Huggins and

Radke—Prausnitz isotherm. Most of those isotherang built in terms of three fundamental
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approaches (Kinetic consideration, thermodynanaiod, potential theory) (De Boer, 1968,

Myers & Prausnitz, 1965).

A variety of mathematical models have bagygested to describe adsorption phenomena.
Some of them were developed with a theoreticalshtastlescribe adsorption mechanisms, while
others are just empirical or a simplification of @laborate models. In some ranges of activity,
adsorption isotherms can be come close to lineaateans (Andradet al, 2011). The equations
most commonly used to describe the curvilinear gdgm behavior of compounds are the
linear, Langmuir, Freundlich, and Brunauer-Emmaetliar isotherm, due to their relative

simplicity.

Linear Isotherms

Linear isotherms is the simplest model to desdtieerelationship between mass of
compound adsorbed/ mass (q) and equilibrium coratgont of adsorbable compound

in solution €eg).

g=a+ b(Ceq)

In this example, linear regression could be usezktmapolate the slopé)(and the
intercept &). Several adsorbates show linear isotherms attowentrations or

pressures (Hinriclet al, 2002).

Langmuir Isotherms

The Langmuir model was primarily developed to dibscgas solid-phase adsorption
onto activated carbon. The model was based on #smemptions: (1) the adsorbed

layer is made up of unimolecular layers; (2) Albarption sites are identical and
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independent; (3) the adsorption and desorptionisatelependent of the population of

neighboring sites (no interaction between adsonvatiecules) (Langmuir, 1916).

Graphically, it is characterized by a plateau, quiléorium saturation point where once
a molecule occupies a location, no more adsormi@onoccur. Furthermore, Langmuir
theory has related rapid decrease of the intermt@eattractive forces to the increase
of distance. The equation of this isotherms mastel i

al
1+bC

xfm=

Wherex/mis the weight of adsorbate divided by the weighadéorbenta andb
(determined graphically) are constarf@ishe aqueous concentration or pressure of the

adsorbate.

The Langmuir isotherm is usually linearized by irsien and so used to test whether it

is obeyed by experimental data.

1 b 1

x;’m_ a aC

Langmiur isotherm model has many limitations. Isfjutates that adsorption is
unimolecular layer. But, formation of unimoleculayer occurs only under low
pressure environments, and under high pressureoamvéents the postulate breaks
down. Therefore, the Langmuir isotherms model Iglwander low pressure only. It
presumes all the locations on the adsorbent sudidcbBomogeneous and have identical

affinity for adsorbate molecules, but in real cdiwtis adsorbent surfaces are

32



heterogeneous. The model also disregards intensctietween adsorbate/adsorbate
molecules. This is impossible as weak force ofation occurs even between

molecules of same adsorbat (Rouquetal, 1999).

Freundlich Isotherm
Freundlich isotherm model was developed for theogation of animal charcoal

(Freundlich, 1906). It is the earliest model ddsiag the non-ideal and reversible
adsorption relationship, and is not limited to themation of unimolecular layer. This
empirical model can be applied to multimoleculaelaadsorption, with non-uniform
distribution of adsorption heat and affinities ottee heterogeneous surface of

adsorbent (Adamson & Gast, 1997).

Presently, Freundlich isotherm is usually applietiéterogeneous systems especially
for organic substances or highly interactive speoie activated carbon and molecular
filters. The slope ranges between 0 and 1 is aunead adsorption capacity or surface
heterogeneity, becoming more heterogeneous aaliis becomes closer to zero. A
value below unity implies chemisorptions procesgmHhl/n above one is an indicative
of cooperative adsorption (Foo & Hameed, 2010 Freundlich Isotherm is

described by the following equation:

x/m = k&"
Wherex/mis the weight of adsorbate divided by the weighsafbent (usually in pg/g

or mg/g),K is a constant, C the aqueous concentration (usimathg/ml), anch a

constant.
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To linearize the isotherm by taking the logarithhexpression to see if the
experimental adsorption behavior of a substancgsthe Freundlich isotherm &y

model,

log x/m=1log k+1/nlog C

Freundlich equation has many limitationgs kompletely empirical and has no
theoretical basis; it fails at higher pressurearaentration to describe adsorption; and
the constants ‘k’ and ‘n’ are temperature depergjehey differ with temperature

(Adamson & Gast, 1997).

Brunauer—Emmett—Teller (BET) Isotherm

BET isotherm (Bruanuest al, 1938) is a theoretical model which represents a
fundamental milestone in interpretation of multyda adsorption isotherms, particularly
the types Il and lll. It most extensively appliedthe gas—solid equilibrium systems
(Adamson & Gast, 1997). This model assumes thaadlserbed molecules stay put,
same enthalpy for any layer, equal energy of adiworor each layer except for the
first layer, and a new layer can form while anotisestill not finished (Rouquerei al,
1999).

BET equation and has the form:

B=Cey=h
(cs Ceq)=[11 & 1-(FT)]

q:

For linear form of equation:
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N

(Cs—Ceq) Bb Bb

Where,B= a term for the energy of interaction with surfdze monolayer capacitygs

= concentration of solute at saturati@®q= concentration of solute at equilibrium.

Adsorbents

Activated Carbon

Activated carbon is a member of a familycafbons extending from carbon blacks to
nuclear graphite. All types come from organic arigources but with various carbonization and
manufacturing processes. Activated carbon is spbdyus adsorbent, black carbonaceous
substance distinguished by the absence of bothritigsuand an oxidized surface from

elemental carbon (Marsh & Rodriguez-Reinoso, 2006).

Historically, activated carbon had been usgé&gyptians about 1500 BC as an adsorbent
for medical purposes and also as a purifying maltdn ancient India, Hindus had used charcoal
to purify their drinking water. In Japan, at olddk@vara Jingu, Nara temple, a well for
underground water constructed in th&' t@ntury AD was found equipped with a charcoagfilt
at the bottom. In the ¥8century, during the Napoleonic era in France, weiwar and later bone
char were used for first time in refining beet su@uzuki, 1990). The first industrial production

of activated carbon started in 1900 and it was usadgar industries (Bansal & Goya, 2005).

Activated carbon can be prepared from aelamgmber of natural and synthetic precursors

such as coconut, wood, peat, coal, tar, and sawRosiquerokt al, 1999). It has a large
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surface area and pore volume, making it appropftata wide variety of applications. It is used
extensively for elimination of unwanted odor, col@sts, and impurities from waste water. It is
also employed for air purification in inhabited &ions and gas-phase application (Bansal &

Goya, 2005).

Carbon is the main constituent (80 to 95%@abivated carbon, in addition to other elements
such as nitrogen, hydrogen, oxygen, and sulfur.typieal composition of activated carbon is
found to be 88% carbon, 6-7% oxygen, 1% nitrogéh siilfur, 0.5% hydrogen with the balance

representing inorganic ash constituents.

The porosity is the most important and esgleproperty of activated carbon: the property
that determines its usage. This porosity donatestinface area that provides the capacity to
adsorb gases and vapors from compound gases autves or dispersed materials from liquids.
The total number of pores, their shape, and sizrakdne the adsorption capacity and even the
dynamic adsorption rate of the activated carbomo@structures are classified relative to their
pore diameter or pore width. Pore sizes are comyrmategorized into three groups; macro,
meso, and micro. A macropore has diameter >1008tamgs, a mesopore diameter is 100-1000
angstroms, and a micropore diameter is less th@ra@@stroms (Roy, 1994). Several
measurements are conducted after activated carodugiion to describe the range of surface
area, and pore distribution. Surface area is nmedday the amount of liquid nitrogen adsorption
volume at liquid nitrogen temperature. Pore voludiggribution is measured by calculating the
ratio of optical densities of standard molassestswi as decolorized by a sample of carbon and
a reference of standardized decolorizing carbors V&lue is called a molasses number, the
higher numbers reflecting a larger percentage afrapres. The iodine number is the value of

micropores percentage measuring, this value detesradsorption of iodine (in milligram) per
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gram of carbon from 0.02 N iodine solution (R0994). The most commonly used activated
carbon adsorbents have a specific surface are@s1800 n/g and a pore volume of 0.20-0.60
cm’/g. The surface area in activated carbon is masifyained in pores which have effective
diameters less than 2 nm. The adsorption capatdgtivated carbon is determined by its
physical or porous structure but it is also strgngfluenced by the chemical structure (Bansal

& Goya, 2005).

M etal Oxide Nanoparticles

Nanomaterials are materials that existsaage of 10 meters (one nanometer is equaled to
one-billionth of a meter). The extremely small shrel some unique physical and chemical
properties of nanomaterials have led to using thetansively in industrial, chemical,
biomedical, and electronic applications. Nanomateitan be available in different chemical
forms such as metals, metal oxides, polymeric nad$eiceramics, and more (Fryxell & Cao,

2012).

Different nanomaterials are being used asidnts to remove toxic pollutants from the
environment. This is due their high surface areh Vairge surface to bulk ratios, unusual shapes,
high surface concentrations of reactive edge angectigh percentage of their constituent atoms
at a surface, and a wide range of Lewis acid-beggepties and oxidation/reduction potentials
(Volodin et al, 2006). The surface area of nanoparticles rarmrges 400 to 1000 Afig with
about 18° interfaces/cr The surface area increases as the particle sizeases and the
reactivity is considerably improved. The size ofaiarystallite in nanocrystals is quite
remarkable. For instance, magnesium oxide predaydlde aerogel procedure has crystallite size

~ 4 nm, calcium oxide ~ 7 nm, titanium oxide ~ 10 amg zinc oxide ~ 8 nm. Whereas, the
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surface area of magnesium oxide, calcium oxidenititm oxide, and zinc oxide crystallite are

~500 nf/g, ~150 n/g, ~100 ni/g, and ~1 Mg, respectively (Ranjiet al, 2005).

Nanoparticals of some metal oxides like egidf magnesium, calcium, zinc, titanium,
aluminum, and iron, have been exhibited to be lyigfficient and active adsorbents for
numerous toxic substances. In most cases, desgwdsorption occurs on the surface of the
nanoparticals, so that the adsorbate is chemibatligen up and thereby made nontoxic. The
term “destructive adsorbent” is defined as theitgitid efficiently adsorb and chemically destroy
incoming adsorbate (Volodet al, 2006). Very high surface areas and higher reiagtiv
compared to their bulk counterparts provide nanigeds of metals oxides high adsorption
capacity per mass adsorbent. This allows for tsegudion of relatively high amounts of some
chemicals. Therefore, nanopartical adsorbents aaa advantages over traditional adsorbents in
areas that influence adsorption capacity: surfaga and chemistry, and pore size distribution.
One distinctive characteristic of nanometerscalgcsires is that, unlike macroscopic materials,
they usually possess a high proportion of their ponent atoms at a surface. The bulk of an
object decreases more rapidly than its surfaceaseae size reduces. This scaling tendency
leads, in the most extreme case, to structuresendierost every atom in the structure is

interfacial (Ali, 2011).

Diatomaceous Earth

Diatomaceous earth or Diatomite is a loose, eastHgosely cemented porous, pale-
colored, soft, lightweight rock of sedimentary amignainly formed by fragments of skeletons of
diatom algae (diatomea and radiolarian), with sereyes from 0.75 to 15Q0n. Typically, it is

composed of 87-91% silicon dioxide (SiO2) with gahsal quantities of alumina (Al203) and

38



ferric oxide (Fe203). Diatomite has its origin fr@asiliceous, sedimentary rock consisting
mainly of the fossilized skeletal remains of diat@wnicellular aquatic plant related to the algae
(Paschen, 1986). Diatomite consists of a wide t\anéshape and sized diatoms, typically from
10—-200um, in a structure contains up to 80—90% voids (Leasp 1997). It is a highly porous
structure, with good adsorption ability, chemicadriness, low density, and high surface area.
The unique combination of physical and chemicapprties of diatomite, make it applicable for
a number of industrial uses as filtration mediaarous beverages and inorganic and organic
chemicals, and for the removal of inorganic andaarg pollutants (Michell & Atkinson, 1991,

Al-Ghouti et al, 2004).

Diatomite is widely used in filtering proses. It is used as a filter medium for swimming
pools and fish tanks, in chemistry as a filtratzoa to filter very tiny particles that pass through
or block classical filter paper. In addition toghit is used to filter drinking water, sugar, hgpne

and syrups without altering of their natural prags (Morsy & Bakr, 2010).

Results of many studies have shown thatrabktiiatomite holds great potential to adsorb
wide range of chemicals, such as the basic dyelutisns (Khraishelet al, 2004), BTEX
(benzene, toluene, ethyl-benzene and xylenes), M(hishyl tertiary butyl ether) from aqueous
solution (Aivaliotiet al, 2010), and heavy metals like lead, copper, addaam from
wastewater (Morsy & Bakr, 2010). Diatomite posssegsgh liquid absorptive capacity. It can
absorb 1.5 to more than 3 times its weight of wakberefore, it is used widely as an absorbent
for industrial spills and pet liter, as a mild atve in polishes, and as an insulation material

(Antonides, 1997).
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Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy-(R) is a powerful technique for recognizing
types of chemical bonds in a molecule by creatmgq&ared absorption spectrum that is like a
molecular "fingerprint”. It can be utilized to piide useful information on molecular identity
and structure. FT-IR is used to determine qualtasind quantitative features of IR-active

molecules in organic or inorganic solid, liquidgars samples (Rees, 2010).

FT-IR Spectrometer acquires broadband mégared (NIR) to far infrared (FIR) spectra.
Absorption takes place during transferring of thergy of the beam of light to the molecule.
The molecule becomes excited and transfers toleehgnergy state. The energy transfer occurs
in the form of electron ring shifts, vibrationsmablecular bond, rotations, and translations.
Infrared is commonly concerned with stretching &iflations (Smith, 2011). Energy of
infrared photons are enough to effect groups ahattw vibrate with respect to the bonds that
link them.Similar to electronic transitions, these vibratibimansitions relate to distinct energies,
and infrared radiation can be absorbed by moleauigsat certain wavelengths and frequencies.
Chemical bonds vibrate when exposed to infrarethtiah at specific frequencies, and they
absorb the radiation at frequencies that match thi@iation modes. Some bonds absorb infrared
radiation strongly than others, and some bondsol@alnsorb at all. In order for a vibrational
mode to absorb infrared radiation, periodic changdipole moments must be involved. Energy
absorption from a spectrum infrared radiation tramsg through or reflecting off a chemical
produce a pattern of energy absorption that iscastsal with the functional groups and the
structural arrangement of molecules in the chemMahsuring the amplitudes and frequency of
radiation absorption generates a spectrum thabeartilized to identify functional groups and

compounds (Griffiths & De Haseth, 2007).
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FT-IR spectroscopy has many basic advantageéslisadvantage over a classical dispersive
infrared instrument.
These advantages are:

- Multiplex advantage (Fellgett advantage): A complgbectrum can be collected rapidly
and many scans can be averaged in a shorter tiamedhe scan on most dispersive
instruments.

- Throughput advantage (Jacquinot advantage): thiéyabi complete the same
signal/noise ratio as a dispersive instrumentnmuah shorter time

- Precision advantage (Connes advantage): the fregseale of laser spectrum is known

very accurately (high resolution) and is very stgl8un, 2009).

The disadvantages are:

- FT-IR instruments do not measure spectra, they uneasterferograms. Interferograms
are not easy to interpret without first performan&ourier transform to generate a
spectrum.

- Because of multiplex advantage (source noise lohigpplies, all regions of spectrum
are observed simultaneously. Hence, the noisebeifipeared throughout the spectrum
in an FT-IR system, if it take places in on parthd infrared radiation from the source

(Smith, 2011).
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Dermal Absorption

Human Skin

Skin is the largest organ of human bodykingaup to 16% of body weight, with a total
area of 1.9 mto form a physical barrier to the external envinemt (REF). Skin performs many
vital functions, including protection against exigrphysical and chemical assailants like micro-
organisms, solar radiation, and toxic agents. Ad&o) plays an important role in
thermoregulation, control of excess water loss ftbenbody, neural sensation, mechanical

support, immunological surveillance, and otherssstors (Kanitakis, 2002).

Skin is composed of three layers: the epmterdermis, and hypodermis (subcutaneous
tissue). The epidermis is the external layer prilpaonsists of layers of keratinocytes in
addition to melanocytes, Langerhans cells, and Blaexélls. The dermis layer is a supportive
connective tissue between the epidermis and unidgrfubcutaneous tissue. It is basically made
up of the fibrillar structural protein known as legen and contains hair roots, sweet glands,
blood and lymph vessels, nervous cells, and fibEre.hypodermis is a layer of loose connective

tissue that lies beneath the dermis (Kanitakis22&iviere, 2005).

Epidermis

The epidermis is the outer layer of skinabhiorms both the physical and chemical barrier
between the interior body and exterior environmAntatomically, the epidermis is made up of
stratified squamous epithelium. The main cellshef épidermis are the keratinocytes which are
derived from ectoderm, forming the outermost layfeihe skin. It is composed mainly of two

types of cells: keratinocytes and dendritic céllse keratinocytes vary from the dendritic cells
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by owning intercellular bridges and ample amoufitst@inable cytoplasm (Murphy, 1997). The
thickness of the epidermis ranges from 0.05 mmhereyelids to 2 mm on the soles of the feet
and palms of the hand. The epidermis normally passed into four layers according to
keratinocyte morphology and position as they défgiate into horny cells. The four divided
layers of the epidermis are created by the diftpstages of keratin maturation. The
classification of epidermal layers (from the extdrsurface to the lower layer) is as follows:

e Stratum corneum (horny layer).

e Stratum granulosum (granular cell layer)

e Stratum spinosum (spinous or prickle cell layer)

e Stratum basale (basal or germinativum cell layer)

The three lower layers that formed the living, matéd cells of the epidermis are sometimes
referred to as the stratum malpighii and rete ngdiipi These three layers are also known as a
“viable epidermis” (Murphy, 1997, Riviere, 2005ndeset al, 2006). The epidermis is a
permanently renewing layer and provides rise tovd@ve structures. The basal cells of the
epidermis undergo proliferation cycles that furmishthe renewal of the external epidermis. The
epidermis is a dynamic tissue in which cells anagtiomally engaged in unsynchronized

movement (Chu, 2008).

The epidermis layer is composed of at 18886 of cells which are ectodermally derived
keratinocytes. The cells are differentiated throtighr migration from the basal layer to the
surface of the skin, resulting in keratinizatioruridg the process of keratinization, the kerati-
nocyte first passes through a synthetic phasewelibby a degradative phase (Chu, 2008). In

the synthetic phase, the cell builds up a cytoplasupply of keratin. In degradative phase of
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keratinization, the cells lose their organelled #re contents are consolidated into a mixture of
filaments and amorphous cell envelopes, and thdigally is known as a corneocyte (Janets
al., 2006). In addition to the keratinocytes, otherety of cells exists, which are usually
identified as nonkeratinocytes and contains thenwaytes, Merkel cells, and Langerhans cells

thatexist in the epidermis but do not contribute tophaecess of keratinization (Riviere, 2005).

Stratum Corneum
The stratum corneum is the outermost layer of theeegmis. It is composed of several

layers of hexagonal-shaped, tightly packed, ante|edthout cytoplasmic organelles,
flattened, non-viable cornified cells, and knowrcameocytes. The corneocytes are
dead cells that are constantly self-renewing thihadgsquamation from surface, and
balanced by cell divisions in the lower epiderntislprook & Odland, 1975). The
stratum corneum cell layer can differ in its densiépending on how the filaments are
packed. The stratum corneum cell layers may vatllickness from one body site to
another. In general, it consists of 10-30 layerstatked corneocytes in most areas of
skin, but with the area of the palms and the daéesng the most. Each corneocytes is
about 40 um in diameter and 0.5um thick, and shibe/end stage of keratinocyte
differentiation(Gawkrodger & Ardern-Jones, 20123ck corneocyte is enclosed by an
envelope protein and is filled with tight bundldgrdgracellular keratin proteins. It is
water insoluble, thermodynamically stable, and resiain water. In the corneocyte, the
shape and alignment of the keratin proteins, whtebilized by disulphide cross-linked

macrofibres, add strength to the stratum cornewnl@ély & Dale, 1983).

Corneocytes are surrounded by a dense-bknbesl protein layer, referred to as the

cell envelope. They are embedded in a monolaylpids matrix which is chemically
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linked to this densely packed cell envelope (Haydihal, 2000). The corneocytes are
arranged in the lipid matrix in what is known as thrick and mortar” structure
(Michaelset al, 1975). This lipid matrix plays an important ratethe stratum corneum
as it serves as an interface between the hydrogtilictures of corneocytes and the
lipophilic extracellular lipid matrix. Additionallycorneodesmosomes interconnect the
corneocytes and provide cohesion to the stratumecwn (Bouwstra & Gooris, 2010).
The proportion of lipid content in stratum cornetanges between 1 to 11 percent in
human skin (Raykaet al, 1988). The major lipid classes in human stratommeum (%
weight of solvent extracted lipids) are ceramidé%0%), cholesterol (20 - 33%),
saturated long chain free fatty acids (7 -13%))esterol sulfate (0-7%) and
cholesteryl esters (0—20 %) (We#tal, 1987, Norleret al, 1998). Stratum corneum
lipids are synthesized in stratum granulosum, whiegg are packaged into lamellar
bodies pre-apical secretion into the intercellgl@aces to compose the intercorneocyte
lipid. In contrast to other lipid structures (likell membranes), the stratum corneum
does not have phospholipids. The lipophilic envinemt of intercellular (lipid matrix)
domains with hydrophilic domains of corneocytes am@ degree ofdmphiphobicity
upon the stratum corneum, donating partial pratecéigainst both lipophilic and

hydrophilic penetrants (Chilcott & Price, 2008).

Ceramides are a class of polar lipids. gidsl ceramide consists of polar head-
group (sphingosine, phytosphingosine or 6—hydroliysposine moiety) containing
several functional groups that can form lateralrbgén bonds with adjacent ceramide
molecules. The polar heads link covalently to atyins of varying length, the large

proportion consisting of 24—26 carbons (relativelyger than the phospholipids of
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plasma membranes), with a small fraction contaidi®gl8 carbons. (Mottet al,

1993, Bouwstraet al, 2002b, Bouwstrat al, 2003).

Stratum corneum lipids are congregatenl laxnellae (bilayers, with periodicity of
approximately 13 nm) organized parallel to the acefof the corneocytes (Bouwstra &
Ponec, 2006). The ceramides are linked to lipiédalgrough connections between
sphingosine chains and fatty acid chains in cerami8paces between the layers are
filled with free lipids and relatively short acytbains mainly consisting of fatty acids
and cholestrol. The cermides head groups are agaimto dence hydrogen- bonded
lattices to compose orthorhombic crystalline bilaydécyl chains are mutually attracted

through Van der Waalas force (Bouwstra & Gooris,®0

In epidermis, corneocytes are intercorgtktd each other by protein structures
called desmosomes. Desmosomes are the main adlcesnpound in epidermis,
attaching keratin intermediate filaments to the cembrane and bridging neighboring
corneocytes, and allowing cells to resist mechaitass (McGrath & Uitto, 2010). A
desmosome is around or oval structure with dian@tér2 to 1 um and 15 to 20 nm in
thickness. It consist of two opposing symmetricaives with a central intercellular
space of 30 nm containing a dense line, each doeadiag to one of to adjacent cells
and containing of an intercellular , transmembraaadl extracellular part. Plaques of
electrondense material run along the cytoplasmllpata the conncation region. Three
bands can be recognized in plaques an electrontamskenext to the plasma
membrane, a less dense band, then a fibrillar(&telrook, 1994, Cozzarst al,

2000, Loden & Maibach, 1999).
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Stratum Granulosum

The stratum granulosum is composed of many layfdiattened cells lying parallel to
the epidermal—dermal junction. These cells comprisgularly shaped, nonmembrane-
bound, electron-dense keratohyalin granules, amdesponsible for additional
synthesis and modification of proteins involvedk@aratinization (Riviere, 2005, Chu,
2008). The keratohyaline granules are necessdhgigenesis of the interfibrillary
matrix which keeps keratin filaments conjugated #adinner lining of the horny cells
(Matoltsy, 1976). The enzymatic action of keratdmggranules enhances production
of soft keratin in the epidermis by providing peliocutting of keratin filaments. On
the contrary, keratohyaline granules do not existdir and nails. Therefore, the keratin

in those structures is hard (Matoltsy, 1976, Scwi979).

Stratum Spinosum

The stratum spinosum is multi-layered containingesa (5-10) layers of irregular
polyhedralcells fitted closely together that sits beneathstin@tum granulosum
(McGrath & Uitto, 2010). The surface of the cellspdays minute spiny projections. As
basal cells proliferate and mature, they procea@tds the outer stratum of epidermis,
at first creating the stratum spinosum. The desmesowhich look microscopically as
prickles, connect the cells to neighboring stragpgimosum cells and to the stratum
basale cells. This layer is distinguished by haviogmerous tonofilaments which

discriminate it morphologically from the other lag€Riviere, 2005).
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Stratum Basale

Stratum basale is the innermost layer of the emidewhich lies with their long axis
perpendicular to the dermis. It consists of a singyer of columnar or cuboidal
dividing and non-dividing keratinocytes. The celle attached to the basement
membrane by hemidesmosomes and attached lateyafch other and to the stratum
spinosum cells by desmosomes (Wolff & Wolff-Schegirl976). Stratum basale is the
primary site of mitotically active cells in the dprmis that provide growth to cells of
the outer epidermal layers. Nevertheless, notedls @n this layer have the potential to

proliferate (Jones, 1996)

Der moepider mal Junction / Basement M embrane

The basement membrane is a thin extracelhérix rich in laminin and collagen that
separates the epidermis from the dermis. The memalmantains four component layers; the
lamina lucida, the lamina densa, the subbasal @naind basal epithelial cell that comprises the
hemidesmosomes, in addtion to a variety of fibretmsctures (Briggaman & Wheeler, 1975).
The basment membrane has important functionseggives dermoepidermal junction, acts as a
selective barrier between the dermis and epideimms®me materials, plays an important role in
wound healing and cell behavior, and acts as &t&ngimmunologic and nonimmunologic

injury (Monteiro-Riviere & Inman, 1995)

Dermis
The dermis lies under the basement membrane anpris@s of dense irregular connective

tissue with a matrix of collagen, elastic, andadtr fibers embedded in an amorphous ground
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substance of mucopolysaccharides (Riviere, 2008 .imterspersed with blood vessels, nerves,
lymphatics, sweat glands, sebaceous glands, Hiatds, and arrector pili muscles. The dermis
can be divied into a thin papillary layer and zkier reticular layer. The thin papillary layer
comprises of loose connective tissue, which isomtact with the epidermis.Whereas, the
reticular layer consists of irregular dense cotimedissue with fewer cells and more fibers
(Chu, 2008). The dermis provides protection toltbedy from mechanical stress, binds water,
thermoregulatory functions, sensory functions, sungports and nourishs the epidermis

(Monteiro-Riviere, 1991, Chu, 2008).

Hypoder mis (Subcutis)

The hypodermis is the innermost and thickest layéne skin. It is made up of loose
connective tissue and fat that lies under the derihsupports to anchor the dermis to the
underlying muscle or bone. The hypodermis is prilmaomposed of a kind of cells, called as
adipocytes which are specialized in accumulatirdystaring fats. These cells are congregated in
lobules divided by connective tissues. It servearmasnergy reserve. Addtionally, the loose
consistency of collagen and elastic fibers provitiesskin flexibility and free movement over

the underlying structures (Riviere, 2005, Jaetes, 2006).

Dermal Absorption

Dermal (skin, percutaneous) absorptionteyia that describs the transport of a substance
from outer surface of the skin into the skin anstemic circulation (Scheuplein, 1967). The
transport of substances through the skin is a cexnmiocess and depends on the architecture of
outer layers of skin.

There are three main mechanisms by whictmdeabsorption occurs:
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I. Intercellular absorption: The penetrant is transi@around the corneocytes in the
intercellular lipid matrix. Where, therew is chemtitransport through a long and
tortuous route between neighboring corneocytes.

ii. Transcellular absorption: The penetrant is tramsteequally through the keratin-
packed corneocytes and intercellular lipid matgxplartitioning.

iii.  Transfollicular absorption: The penetrant bypassesorneocytes, diffusing down
hair follicles and into sebaceous glands or throsigbat ducts.
The intercellular and transcellular absorptionas® known as bulk pathways and transfollicular
absorption is known as shunt pathways. Shunt pathaee not thought to play crucial role in
dermal absorption because of limited areas of thkeaat, it is only 0.1-1.0% of the total area

(Scheuplein, 1967, Michaedd al, 1975, Chilcott & Price, 2008).

In literature, much has been written abbatimplications of stratum corneum for penetrant
transport because of the complexity of this bami®t incomplete understanding. It is known
that the stratum corneum offers the skin’s prindiffusion barrier (Scheuplein & Blank, 1971).
Associations of skin permeability coefficients ahd physicochemical properties of a wide
variety of penetrants have shown that skin can&démodeled as a simple lipid barrier to
substances possessing at least moderate wateil aotubility (Michaelset al, 1975, Johnsoat
al., 1997). Many models have been suggested thai present the intrinsic nature of the stratum
corneum in relatively simple term. However, eacldatavas designed with some assumptions for
particular purposes. Many models for the lipid oigation in stratum corneum have been
proposed: the stacked monolayer model (Swartzerdetlal, 1989), the domain mosaic model
(Forslind, 1994), the single gel phase model (Npr&901), the laminglass model (Norlen, 2003),

and the sandwich model (Bouwsétal, 2000, Bouwstrat al, 2002a).
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The stacked monolayer model which proposed in HéR@ribes the molecular arrangement in
the intercellular lipid matrix for the first timén this model, the ceramides are arranged in aaplan
arrangement and the linoleic moiety of ceramideanslomly distributed in the two broad layers
neighboring the narrow central layer. Cholestraligributed nonrandomly between layers

(Swartzendrubeet al, 1989).

The domain mosaic model postulated the poesef a continuous liquid phase from the
superficial layers of the stratum corneum dowrhtowiable epidermis. It was the first model to
include the existence of a liquid phase in thewtnecorneum. In this model the intercellular lipids
matrix of stratum corneum are segregated intoglesirystallinégel domains bordered by "grain
borders" where lipids are in the fluid crystallstate. The crystallinareas are effectively
impermeable and the fluid areas provide channetsutih which particles can diffuse leading
to tortuous diffusion pathways through the intehglalr lipids. Such organization offers for an
effective "water-tight" barrier that allows a miewtnd controlled loss of water to keep the
corneocytes moistened. As well as the model provateexplanation for the necessary mechanical

properties permitting bending and stress imposeti®skin surface (Forslind, 1994).

The single gel-phase model proposed thatrttezcellular lipids within the
stratum corneum, exists as a single and coheramdllar gel phase without domain
boundaries. In this gel phase the hydrocarbon shaiae packed in a hexagonal and an
orthorhombic pattern. The cholesterol concentratsouneven throughout the gel and
lipids in areas with low cholesterol concentratame strongly packed, producing a gel
that is crystal-like in nature, whereas the gehieas with high cholesterol

concentration is more liquid in nature (Norlen, 2000
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In 2003, Norlen proposed the laminglass mod@lkis model postulated that the
ceramides form a separate crystalline monolayehn wié sphingosine and the fatty
acid part forming two tightly packed hydrocarborachmatrices. The consecutive
crystalline and liquid crystalline layers composeagrangement like a laminglass,
similar to the stacked monolayer model. This mquelides high permeability and

resistance to mechanical stress imposed on thesgKizce (Norlen, 2003)

The sandwich model proposed that the lipids ararorgd in a tri-layer structure: two broad
layers with a crystalline (orthorhombic) structare separated by a narrow central lipid layer with
fluid domains. This model provides an explanatimnstructural data found by X-ray diffraction,

FT-IR and transmission electron microscopy (Bouawestal, 2000, Bouwstrat al, 2002b).

M echanism of Skin Transport

Dermal absorption contains permeation thinahg epidermis and absorption by the capillary
network at the dermal-epidermal junction. Derntaption takes place primarily through the
stratum corneum intracellularly or intercellularlylany factors influence the dermal absorption

including skin, environmental, and solute facté¢®lhorn et al, 2006, USEPA, 1992)

Permeation of a solute across the stratumeomn is fundamentally a process of diffusion in
which active transport and facilitated transporndbplay an essential role. The polar substances
tend to diffuse through protein portions of th@tm corneum, whereas the nonpolar compounds
tend to diffuse through the intercellular lipid mafAlbery & Hadgraft, 1979). After the solute

partitions into epidermis it transports to cutareblood and lymphatic system. If the blood flow is
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not enough, solute may sequester in the viablesapid, in the dermis, and in hypodermis

(Kielhornet al, 2006).

Diffusion of a compound into a specific lagé skin like the stratum corneum is called
permeation. Diffusion can be defined as the ‘pred®swhich matter is transported from one part
of a system to another as a result of random mialemovement’ (Crank, 1975). Diffusion of

compound through a membrane can be described ks First law.
J =-D (4Cl4ax)

WhereJ flux of a compound (J, mass/Emper second) at a given time and position is gl

to the differential concentration chang@ over a differential distancex, D is the diffusivity

With some modifications, Fick’s first lawrche applied to describe the diffusion process of
compound across skin layers. This equation cgmihatentifying the ideal parameters involved
in the dermal absorption (Scheuplein & Blank, 1979dgard, 1977). Basically, dermal absorption
includes three stage processes. First stage irkhatéitioning of the compound into the stratum
corneum. The second stage involves diffusion otthrapound across the stratum corneum. In
the final stage, the compound partitions from tin@tgsm corneum into the underneath tissue.
Therefore, the process of partitioning must be eracthand linked to Fick’s First Law of

diffusion. Adapted to skin absorption, Fick’s Fikstw comes with the form of:
J=P*D*C/H

Wherel is the flux (rate of transfer per unit areR)is partitioning coefficient between the skin
and the vehicleD is the diffusion coefficient of the compourijs the concentration gradient

through the skinH is the diffusional path length or skin thickness.
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Fick’s first law equation for dermal absaoptrelies on the assumptions that the compound
does not bind, the compound diffusion coefficiamd diffusion are constant with position or
composition (Crank, 1975). These assumptions wasddlt in a steady portion of any dose
absorbed per unit time regardless of the dose obrat®n. However, results of many studies
have disagreed with the extrapolations of Fickig beecause the portion of compound absorbed
was not steady across range of compound’s con¢emisan donor solution (Blank, 1964,

Billich et al, 2005).

Diffusion through the stratum corneum isrdn by a thermodynamic gradient, not a
concentration gradient. Movements of the compounttoules are dependent on the energy
gradients in their immediate location. In constamperature, the molecule movement across the
stratum corneum is achieved through the energy ftom higher energy areas to areas of lower
energy. Thermodynamic gradients are formed froenltieid force of all the inter-molecular
repulsive and attractive forces (Atkins, 1994). Tin@vement of molecule within a certain
condition can be quantified in terms of its thermoamic activity which is considered the
driving force for diffusion. In some environmentise thermodynamic gradient could be in the
reverse direction to a concentration gradient agrich, diffusion will take place against the

gradient of concentration (Chilcott & Price, 2008).

M odeling of Skin Absor ption

Modeling of dermal absorption offers apabte alternatives to laboratory
experimentation. Models are used to comprehenccaged features and processes of dermal
absorption, in addition to predict its kineticsthat protective measures can be designed and

implemented that minimize the risk of dermal absorpof toxic chemicals. Modeling of
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compound transport across skin plays an importaetin two major areas; assessments of
dermal exposure to hazardous materials and indeangal drug delivery (USEPA, 1992, Poet
et al, 2000, McDougal & Boeniger, 2002). Models can heegorize into two common
categories: (i) quantitative structure-activityatbnship (QSAR) models, (ii) mathematical

models (Fitzpatriclet al, 2004).

QSAR models are statistically derived linear and-hioear relationships between different
physicochemical or structural properties of commgband the steady-state flux. In other words,
QSAR basically includes three parts: (i) Modelihg tctivity or property (ii) descriptors of the
physicochemical properties or molecules structigatures, and (iii) a statistical procedure to
create the relationship between activity and stmectEfficacy and safety concerns also
distinguish QSAR models in irritation, skin sermation, metabolism, chemical effects, and
clearance. Therefore, these models are involvachaimber of levels in chemical safety (Potts &
Guy, 1995, Sartorelket al, 1998, Fitzpatriclet al, 2004). In 1992, Potts and Guy proposed
QSAR model based on Flynn (proposed a number ofittigns to predict k) dataset by using a
combination of the octanol-water partition coefiti, K,,, and the molecular weight or
molecular volume as physicochemical descriptofisesisg both mechanistically relevant and
competent of offering an appropriate explanatiothese data (Flynn, 1990, Potts & Guy, 1995).
QSAR models for skin permeability have many limdas which mostly relate to the modeling
processes. These models are hindered by the icisatfhigh quality data comparable to
absorption data (Fitzpatriak al, 2004). A steady-state permeability coefficienQ8AR does
not predict absorption over time frames outsidesteady-state part of the absorption/time curve.

QSAR models are available only for permeabilityfGoents from aqueous vehicles, and the
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predictions from agueous vehicles cannot be extaégab to predict the impacts of other solvents

or formulations (Moset al, 2002, Cronin, 2005).

A number of mathematical models havenbageveloped to simulate the effects of
compounds partitioning into skin and the transpaross the skin over time. Generally, most
of these models have used either diffusion basedmpartmental equations. Mathematical
models have been established for measuring theasldarption for a variety of exposure
conditions. Mathematical models are varied in tlieigree of ability to describe or represent
the processes associated with skin absorption gterféedowever, some of models are
frequently experienced as being more complex thrantgally useful. In the simplest models,
skin is considered as a single pseudo-homogeneeatnane. In more complex models,
further layers of skin are included like the viabl@dermis and dermis (Roberts &

Anissimov, 2005).

Some of models have been developed thatlate the pathways of compounds through
stratum corneum. Michaels and coworkers (Michatlsl, 1975) modeled the steady-state
behavior of the stratum corneum as “brick and mdrédnere the brick represented the
aqueous protein phase in the keratinocytes anchtrear represented the intercellular lipid
phase. This model presumed that the transport lneasum of steady permeation, via the lipid
matrix and protein phase and across the intereelligid matrix via a tortuous pathway.

Flynn (Flynn, 1990) stated that diffusion of compduhrough the protein in the corneocytes
of the stratum corneum is a thermodynamically mnétically impossible passageway
because the density and compactness of the kevdhiareas, Scheuplein (Scheuplein, 1967)
developed dermal absorption models based on trangpough appendages. Scheuplein

compared diffusion through appendages with diffagiorough stratum corneum. It was found
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that the appendages allowed greater diffusion |y éanes and the stratum corneum allowed

greater diffusion at longer times.

Other models have been developed whieldefined as physiologically-based
pharmacokinetic (PBPK) models. These models daansider the certain routes of dermal
diffusion, but are developed to explain the rateahpound’s diffusion via the skin and/or
into the circulatory system using experimental obggons and lumped-capacitance models
(Clifford, 2004). PBPK models are based on matherabtlescriptions of body
compartments, tissues and partitioning proces$esnical transport and metabolism which
effect the skin distribution, absorption and eliation of chemicals (Krishnan & Andersen,
1994). Potts and Guy (Potts & Guy, 1995) develop&BPK model which can offer an
algorithm to predict permeability from the chemisalhysical properties. Multiple regression
analyses were conducted using former data of thegebility coefficient for varied
compounds, and the molecular volume and the hydrbgad activity parameters were
determined to be significant. Nevertheless, thislehds only effective for polar compounds.
Another PBPK model was adopted by Poet and cowsrifeoetet al, 2000) to evaluate
dermal permeability values and to predict exhaleacentrations of the chemical
trichloroethylene. Good agreement was found betweedicted and observed concentrations
of trichloroethylene, however, the significancetlod many features and processes were not

clarified.
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M easur ements of Skin Absorption

Dermal absorption investigations are perfednto determine the amount at which a
compound is capable of penetrating the skin barhdormation about a compound’s dermal
absorption rate is mostly of interest to regulataggncies for risk assessment, therapeutics
evaluations, and development of topically appliegparations. Estimation of chemical
dermal absorption value is generally derived frotqpegimental datan vivoor in vitro, or
both. Such data provide direct or indirect evalmaf dermal absorption of a test substance

across skin (Chilcott & Price, 2008).

In vivo Methods
Thein vivo methods provide data about the extent of dermialkepin addtion to the

systemic absorption of the test chemical. The gulagurpose in conducting vivo
methods in place oh vitro methods are that the vivo methods employ a
physiologically and metabolically intact systeim.vivo absorption models can be used
to measure dermal absorption directly or indireathgl commonly provide data
relatively similar to those under which exposurexpected in a real environment
(Bunge & McDougal, 1999). In the direct methodoapound is measured in the
blood, tissue or body excretion by using striptaple from stratum corneum, or
evaluated through biological or pharmacologicapmses (USEPA, 2007). These
methods are generally complicated and time consyi@andzian, 2000). While, in
indirect models skin absorption is concluded fréva diminishing of the compound
on the dermal surface (Bunge & McDougal, 1999, €iitl & Price, 2008).

For dermal absorption prediction in humans, ddfgéranimal species models have been

used with variable degrees of association (Westbtadbach, 1992). The most common
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animal species used for predicting human dermairabisn are laboratory rodents,
however, other animal models such as swine, refadpiinea pigs, dogs, and rhesus
monkeys(Bartelet al, 1972, Bronauglet al, 1985, Hikimaet al, 2002) have also been
used. Althogh, the vivo methods for dermal absorption studies show rediabld
promising results, they are always challenged hicak considerations and country

specific legislations (Chilcott & Price, 2008).

In vitro Methods

In vitro methods are developed to estimate the penetratioompound into and
subsequent permeation through the skin into recdpid and can use non-viable skin
to estimate penetration and permeation only ohfregetabolically active skin to
concurrently measure permeation and dermal metbhdKielhornet al, 2006).In

vitro absorption methods provide a valid alternativekif sibsorption assessment for
many important aspects of dermal exposure.ifih&tro technique is less expensive
thanin vivotechnique, can be utilized with skin from diffetemimal species in
addition to the human skin, and can be employessess highly toxic or corrosive
compounds without concern for ethical or legitimed@siderations (USEPA, 2007,
Chilcott & Price, 2008). The infinite dose and fandose, two different type @i

vitro techniques have been used to assess skin absorotnbthe infinite dose
technique is the most frequently used (Franz, 19a8orelliet al, 2000).In vitro
models include different techniques (i) diffusiaalls, (ii) isolated perfused tubed-skin

preparation, and (iii) stratum corneum binding (P3&1992).

59



Diffusion Cédls

Diffusion cells are of two types; uprighe(tical) or side-by-side (horizontal) type. The
receptor chamber volumes are about 0.5-19with surface areas of exposed membranes of
about 0.2-2 cf Vertical diffusion cells are suitable for evaingtdermal absorption from
semisolid preparations applied on the skin membsankace and are best for simulatingsivo
exposure scenarios (Bragh al, 1998). Whereas, horizontal diffusion cells argadle for
evaluating mechanisms of diffusion across skin (Brgh, 2004). Diffusion cells can be
classified into two types based on acceptor fltadus: whether it is confined to the receptor
chamber (Static diffusion cell) or passes throdgiwfthrough diffusion cell) the receptor
chamber (Franz, 1975, Bronaugh, 1995). Either #rgoal or the horizontal diffusion cells can

be used in static or flow-through mode.

Static Diffusion Cells

Static diffusion cells are also known Franz-typiéudion cells. These cell systems are
relatively simple in design and any type or any ant@f vehicle containing the test
compound can be spread on skin. The receptor igiliolw the skin is manually
collected by removing aliquots periodically for &sés and substituted with equal
volumes of fresh receptor fluid (Franz, 1975). Besgathis process requires the
immersion of both surfaces of the skin, it may hesumuch hydration and skin
damage, thereby altering the permeability of tha §&ummer & Maibach, 1991).

To simulaten vivo skin condition, it is important to create a knoskin temperature in
each diffusion cell. Therefore, the static diffusicells can be designed in jacketed and
non-jacketed models. In the jacketed model, heatsdr is circulated across the jacket

to control the temperature of the diffusion cellh&Yeas, the non-jacketed model may
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be placed in a water bath or into dry heated bl¢Ckslcott & Price, 2008). Receptor
chamber fluid is important to be sufficiently séid; because insufficient stirring may
limit the rate of partitioning of compound throutjte skin into the receptor chamber,
which resulting in skin absorption underestimaijbranz, 1975). Another important
factor to be considered, is the solubility of testtchemical in the receptor fluid, which
may impact the sink capacity and then the samftemguency or receptor chamber

dimensions (Braiet al, 1998)

Flow-Through Diffusion Cells
Flow-through diffusion cells are distinguished bgtenging receptor fluid

continuously, which mimics, more or legs vivo condition. The movement of receptor
fluid is usually driven by a peristaltic pump, ehatp) an accurate and steady flow rate
across each cell. However, some of the low-cosugldn cells can use gravity to flow
the receptor fluid by siphoning, but the flow ratduced by siphoning is more unsteady
and needs an internal calibration (Chilcott & Pri2@08). A flow-through diffusion cell
system was developed by Bronaugh and Stewar (Bghn&uStewart, 1985) in 1985.
The cells were constructed using Teflon and corthmglass window in the bottom for
viewing the receptor contents and at least 5 mutich is a flow rate suggested of

getting accurate results.

Different types of receptor fluid are used in dgfifon cells. With nonviable skin, a
buffered saline solution can be used. However,dmtain the viability of skin in the
diffusion cells, physiological solution such as HESRbuffered Hanks’ balanced salt
solution is required (Collieet al, 1989). Saline solution, as a receptor, may be

appropriate for studying hydrophilic chemicals datebsorption. But, lipophilic
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chemicals need a receptor fluid that more closetgmbles the lipophilic properties of
blood (USEPA, 1992), therefore, modifications af tieceptor fluid are sometimes
required to enhance the partitioning of lipophdieemicals through skin into the
receptor fluid to mimic then vivo conditions. Earlier studies have suggested some
substances to be added to the receptor fluid ssi8h56 of bovine serum (Bronaugh
al., 1986), surfactants (Bronaugh & Stewart, 19849, @myanic solvents (Scott &
Ramsey, 1987). Selected receptor fluid and the fltes are varied with the test
compound, they are based on the solubility conataars and the volume of the

receptor chamber (Skelbt al, 1987).
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Chapter 2 - Adsorption of 1,4-Dioxane on Nanoparticles of M etal
Oxide, Activated Carbon and Diatomaceous Earth in Vapor and

Aqueous Phases
Abstract

Dioxane is a potentially carcinogenic solvent. Wkpilled or discarded under poorly controlled
conditions, it contaminates ground water, rendetiirgwater unusable. It readily evaporates at
room temperature and contaminates indoor air. Tseration process provides an option for
removing dioxane from contaminated water and aithis study, the adsorption efficiencies of
activated carbon (AC), metal oxide nanomateriai®f{and MgO), and diatomaceous earth (DE)
were assessed in aqueous and vapor phases usargdngpectroscopy as a quantification tool.
In the aqueous phase, the effects of contact fideand type of water on dioxane adsorption
were investigated. The contact time for reachingldggium and maximum adsorption rate was
observed to be < 40 min in both phases. The higitsirptive capacity of AC, MgO, Tioand
DE were seen at the pH values of 7-8, 6—7, 7-86a8drespectively. Water type had no effect
(P > 0.05) on the adsorption of dioxane. The adsonptalues for 50 mg/L dioxane in water at
pH 7 and room temperature were 80.87+3.2 pg/g AMtpl11.41 + 2.7 pg/g onto DE, 3.84 + 1.2
pHg/g onto TiQ, and 3.79 + 0.84 pg/g onto MgO. The equilibriurs@gtion data were analyzed
by the Freundlich model of adsorption. The ressiitswed that the equilibrium data for dioxane
sorbent systems fitted well for AC and only a rigkafit was observed for other adsorbents. In
the vapor phase, the adsorption of 40 mg dioxad®@hml air at room temperature and 760
mmHg (torr) pressure converted into 66.9+ 1.7 fgfcAC, 19.3 £ 1.4 nug/g for Tig at 8.6 £

0.91 pg/g for MgO, and 4.7 + 0.94 ug/g for DE.
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I ntroduction

Several synthetic organic compounds produced hysimnigs are released into the
environment. The existence of those chemicalserettvironment has the potential to cause
adverse effects, which include toxicity, carcinagéy, mutagenicity, and teratogenicity in
animals and humans, toxicity to aquatic life asthés, and retrogression of the quality of water
for human consumption. Therefore, there is a pngsseed to regulate the release of hazardous
toxic compounds into the environment by develo@aiable control technologies that are
capable of eliminating hazardous material from watel ambient air so that such materials are

stopped from further distribution in the environrhen

Dioxane is a synthetic organic compound ciwié manufactured and used widely
since the 1950s. It is listed as a high productimnme chemical with a volume of more than
500 metric tons produced domestically or imporiéearly 90% of the total volume of dioxane
is utilized to stabilize 1,1, Xrichloroethane in vapor degassing of metals (Maital, 2010).
Dioxane has attracted increasing attention fopatssible presence at thousands sites of
chlorinated solvent release, landfills, and indagteffluents. It was estimated that 600,000 to
1,300,000 pounds of dioxane was released intorthieaanment annually between 1988 and
2002 (TRI, 2013). The disposal of chemical solveatstaining dioxane and disposal of dioxane
itself results in the presence of dioxane in thdrenment. In many countries such as the United
States, Canada, and Japan, dioxane has been dete@eontaminant in the natural
environment. Drinking water supplies, superfundssiand public groundwater were found to

contain dioxane in more than permissible quaniylfr et al, 2010).
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Public concern and growing awareness ahiouide as an environmental contaminant has
steadily increased due to its probable carcinoggrand its implication as a major contributor to
groundwater contamination. Thus, the increasindipalemand for stricter control of
environmental contamination by dioxane has stinedafreat interest in developing guidelines
for treating dioxane in water, soil, and ambient i February 2008, the U.S. Environmental
Protection Agency (U.S.EPA) included dioxane ifigsof 104 candidate chemicals of concern
for national drinking water regulation in the fuguaind classified it as a proposed contaminant
for third Unregulated Contaminant Monitoring Rulegram (UCMR 3). Nonetheless, a federal
water standard has not been established for tleidal yet (USEPA, 2011). Several U.S. EPA
regions and states have developed guidelinesdatiig dioxane; for example, Colorado became
the first state to establish an enforceable cleatapdard for dioxane in groundwater and
surface water in September 2004. The standard heseg in, stipulating facilities to meet

dioxane limits of 6.1 and 3u8/L by March 2005 and March 2012 , respectively B3, 2011).

The unique properties of dioxane rendeeryy mobile and persistent in the aquatic
environment for a long time. At solvent releasessiit is found to be the fastest moving
contaminant and the first to arrive at municipattomestic supply wells. It is ranked first in
terms of mobility of more than 100 organic chenmsg@oy & Griffin, 1985). The hydrophilic
nature of dioxane makes it relatively resistantdoventional treatment technologies commonly
used for chlorinated solvents. Because of dioxalogisHenry's Law constant, high miscibility
in water, and low octanol-water partition coeffiti€k,,,), volatilization and adsorption methods
are not expected to be significant removal procekseeliminating a significant amount of

dioxane in aqueous environments (USEPA, 2006hdterocyclic structure with two ether
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linkages makes dioxane very immune to both abantit biologically mediated degradation

(Zenkeret al, 2003)

Technologies that are effective for remoweh¢prinated solvents usually do not yield
favorable results while treating dioxane becausésafnique properities. The conventional water
and wastewater treatment processes such as ppisgj adsorption, and precipitation-
coagulation are not efficient for removing it fraqueous environment (Zenketral, 2003).
Advanced oxidation treatment processes using ozgmmEpgen peroxide, and ultraviolet light
were reasonably successful in removing dioxaneiderably, but their operational costs are
significantly high (Mohret al, 2010). It was found that air stripping treatmprdcess can
remove 30% of dioxane from contaminated groundwatsl granular activated carbon
adsorption column can remove about 67% (Mcgeiral, 1978), whereas advanced oxidation
treatment processes (hydrogen peroxide with ozcae)yeduce more than 96% dioxane from

water (Bowmaret al, 2003, GRAC, 2003).

During the past few decades, adsorptionieedprominence as an effectiwater
purification technology employed in the treatmeiivastewater (Lazaridist al, 2003).
Adsorption systems are rapidly becoming importegdtment processes for producing good
quality water with low concentration of dissolvegjanic and inorganic contaminants (Walker &
Weatherley, 1999)Adsorption is defined as an integral to a broastspm of physical,
chemical, and biological processes and operatiotisei environmental field. It is extensively
employed for purification of water and air by renmgycontaminants. It has played a major role
in air pollution control by its capacity to remogissolved impurities from solution. Currently,
adsorption is viewed as a crucial method for waatemtreatment and water reclamation

(Weber, 1972a).
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A wide variety of adsorbents are used tessshe effectiveness of dioxane removal from
groundwater. The adsorbents include activatedaselpelletized carbon (contains three types of
carbon in a single pellet), surfactant-modified #es| zero-valent iron with zeolites, and a
proprietary macroporous polymer manufactured bycAKpbel (Earth Tech Inc, 2004). The
treatability testing revealed that only the acthtri-base carbon showed effective dioxane
adsorption, whereas the other adsorbents weresttefé in removing dioxane from water

(DiGuiseppi & Whitesides, 2007).

Dioxane could be released into air duriagproduction, its use, and the processing ofrothe
chemicals like pesticides and pharmaceuticals.cClineent levels of dioxane in ambient air are
not available in the United States, but they apeeted to be less than the levels reported in the
1980s or in earlier periods due to decline in the of dioxane in recent years (ASTDR, 2012).
Historical data (1980s or earlier) suggest thatiantbmean concentration of outdoor and indoor
levels of dioxane were 0.1-04/m® and 3.7041g/m?, respectively. In the United States,
dioxane in outdoor and indoor air was measuredmelytas part of the volatile organic

compound National Ambient Database in the earlyi1980s (Shah & Singh, 1988).

Usually, dioxane enters ambient air aspovaand is degraded in the atmosphere through a
photochemical reaction with hydroxyl radicals telglialkyl radicals (Surprenant, 2002). This
reaction starts with the hydrogen atom abstradttlowed by the oxygen addition to form a
radical of cyclic alkylperoxy (Maureat al, 1999). This product is further degraded by reacti
with nitrate radicals (Grosjean, 1990) and mayuratergo direct photolysis (Wolfe & Jeffers,
2000). Dioxane is short-lived in the atmosphere igsdalf-life is estimated to be 6.69 to 9.6 hr

(HSDB, 2007).
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Dioxane, like other volatile organic compdancan be removed from ambient air of
industrial facilities and through a host of teclogés such as adsorption (Yagigal, 2011),
absorption (Ohtat al, 2011), and combustion (Hossegtial, 2011) to protect the
environmental systems. Among these technologiesyration technique has been widely used in
practical applications because of its easy operalmwv operating cost, high capacity, high
selectivity, and effective recovery at low parpaéssures (Shirat al, 2006). Therefore,
adsorption is always selected as the purifyingrietdgy for dealing with dioxane in ambient
air, because of its high rate of diffusion at loencentration (Kirk-Othmer, 1999). Different
types of adsorbents have been used in purifyingn@ogy, such as zeolite, alumina, silica,
titanium oxide, and activated carbon (Wai@l, 2011). Generally, the activated carbon
material is extensively employed as the adsorbeattd its pore structure, advantages of huge

surface area, chemical stability, low cost, ang easycling (Wanget al, 2011).

This study aimed to: (i) investigate the adsorptddioxane onto four different adsorbents
(activated carbon, diatomaceous earth, nanocriystaltanium dioxide, and nanocrystalline
magnesium oxide) in aqueous and vapor phasefm\@ktigate the effect of pH, contact time,
and type of water on dioxane adsorption in the agsg@hase. (iii) Estimate the maximum
adsorption capacity of the four adsorbents in agagihase, where the adsorption equilibrium

data were fitted to adsorption isotherms of Freighdinodel.
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M aterials and M ethods

Materials

1,4-Dioxane (99.8%) was purchased from &SROrganics (New Jersey, USA).
Nanocrystalline magnesium oxide (MgO) and titandioxide (TiQ,) were obtained from
NanoScale Corporation (Manhattan, KS, USA). Diatoeaais earth (DE) (co-batch #058k0012)

and activated carbon (AC) were obtained from Sigudaaich (St. Louis, MO, USA).

The properties of adsorbent materials are as desthy the manufacturer and as shown

in transmission electron microscopy (TEM) imageguffe 2.1)

e The properties of nanocrystalline metal oxidesliated in Table 2.1.

Table 2.1: Properties of nanocrystalline metal oxides

Properties MgO TiO,
Specific Surface Area (BET) > 230 nilg > 500 nt/g
Crystallite Size <8nm amorphous
Average Pore Diameter 50A 32A
Total Pore Volume > 0.2 cclg > 0.4 cclg
Bulk Density 0.6 cc/g 0.6 cc/g
True Density 3.2 glcc 3.7 glcc
Mean Aggregate sizegd 3.3um 5um
Moisture Content <1% <4%

Metal Content (Based on Metal) >95% >99.999%

¢ Diatomaceous earth (DE) is described as a powdar &nd free of organic matter
impurities.
e Activated carbon (AC)

Vapor pressure : <0.1 mmHg (20°C)
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Form: untreated powder

Autoignition temp. : 842°F

Resistivity: 1375uQ-cm (20°C, graphite)
Particle size: 100-400 mesh

Mp: 3550 °C (lit.)

TiO23.tif —_— MgoS5. Lif

102 500 nm Mgo 500 nm

Cal:.233 pix/nm HV=100kV Cal:.233 pix/nm HV=100kV

11:14 02/23/12 Direct Mag: 13500x 11:37 02/23/12 Direct Mag: 13500x

C

D EarthS.tif

D Earth 2 microns
Cal: 79.332 pix/micron HV=100kV
11:48 02,23/12 Direct Mag: 4600x

Figure 2.1: TEM image of,( A) nanocrystalline titanium dioxid®) nanocrystalline magnesium

oxide (C) diatomaceous earth
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Water sample collection

Surface and ground water samples were ¢etdécom Riley County, Kansas. Surface water
samples were collected from Big Blue River (N39£2404, W96.593098). The ground water
samples were collected from monitoring network (itaring well No 20, N39.25887,
W96.591446, depth 22 feet) at the Old Chemical Wastfill site at Kansas State University,
Manhattan, Kansas. The water was taken from thks fegl sampling using disposable bailers, so
as to minimize any disturbance of the water columprevent outgassing or degassing during
collection. The collected surface and ground wsaenples were containerized for transport to
the laboratory in 250 ml amber glass bottles. Ad bottles were filled, leaving no head space in

the bottle. The samples were stored in sealed sabglles at 4°C.

All surface and ground water samples weséetd for water quality properties (Table 2.2).
Samples also were checked if they were free ofligdane contamination using U.S. EPA
Method 522 (EPA/600/R-08/101). In this method, e a water sample was fortified with the
isotopically labeled surrogate analyte (SUR), ligkdne-d. Then, the sample was extracted by
solid phase extraction (SEP), where a 500 mL sampepassed through an SPE cartridge
containing 2 g of coconut charcoal to extract trethad analyte and SUR. Thereafter, the
compounds are eluted from the solid phase withalsamount (approximately 1.5 mL) of
dichloromethane. The extract volume was adjusteldiaa internal standard and tetrahydrofuran-
ds were added. Finally, the extract was dried withyaimous sodium sulfate. Analysis of the
extract was performed by GC/MS. The analyte, SUd,iaternal standard are separated and
identified by comparing the acquired mass spectcaratention times to reference spectra, and

retention times for calibration standards acquireder identical GC/MS conditions. The
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concentration of the analyte is determined by campa to its response in calibration standards

relative to the internal standard (Munch & Grimm2Q08).

Table 2.2: Water quality properties

Prosperity Surface water Ground water
Sp. conductivity (us/cm 9.17 12.43
Total Dissolved Solids (TDS)/I 4.58 6.21
pH 8.11 7.59
Salinity (ppt) 5.12 7.11

Sample Preparation

Sample Preparation for Aqueous Phase

Aqueous solution of dioxane (50 mg/L) waspgared for using it in adsorption
measurements. One mL aliquot of the aqueous diosalliion and various quantities of
adsorbents (AC, MgO, Tipand DE) were placed in a microfuge tube and dedlee tubes
were shaken for 1 minute on a vortex mixer at 29K then left for 90 min to achieve
adsorption equilibrium. The tubes were centrifuged3,000 rpm for 10 min in the
microcentrifuge to separate the aqueous dioxame the adsorbent. The volume of adsorbent
was varied over a range of 0.02—0.35 g/ml. Aftexkalg and settling, 50l of the aqueous

dioxane were used for quantifying the equilibriuomcentration of dioxane on FT-IR.

For each tube, the amount of dioxane adsorbed ateglated according to the following

equation:
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xim = v(Co— C)/w

wherex/mis the weight of the adsorbate divided by the wedajlthe adsorbent (ug/g); is the
dose of adsorbent (mg),is the volume of solution (ml)Cy and Gare pre- and post-

adsorption concentration of dioxane, respectively.

To determine the necessary time for adsmmpthe IR adsorption spectra of dioxane at time
intervals were obtained, and 50 ml of the aquedmsatie solution was taken in a 50 ml tube
(SC475, Environmental Express). A known amounhefadsorbent was added to the tubes. The
tubes were placed on a magnetic stirrer and theacpudioxane solution adsorbent mixtures
were stirred at a constant speed. Peristaltic pifepmeGear Inc, Hellertown, PA USA-
#10090-16) was used to draw agueous dioxane soltitrough a filter from the tube and send it
(continuous flow) to a cell placed on the crysta¢i@ure of the FT-IR spectroscopy, with the
solution flowing over the crystal and returning baa the tube (Figure 2.2). The flow rate of the

peristaltic pump was 5 ml per minute.

The infrared (IR) spectrum of each skemypas measured using attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR)ermo-Nicolet FT-IR spectrometer,
model 6700, and GladiATR vision unit (PIKE Techmgits, Inc. WI, USA). OMNIC FT-IR
software program is used in the FT-IR system. Alb@ioce spectra were measured over the
wavenumber range of 4000—400 Cwith a spectral resolution of 4 €mThe IR absorption
spectra for dioxane in solution were obtained aibus times. These spectra were analyzed
using the C-O vibration band. The selected pegionefor obtaining the integrated absorbance

was 1105.2—-1160.2 ¢rh Figure 2.3 shows the typical IR spectra of di@xansolution.

The crystal aperture surface was cleaned with alcaid dried, and an uncovered crystal
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background was run prior to scanning of the sarspls. With continuous flow measuring
method, a macro was created by using OMNIC MagppdiGation to measure absorbance
spectra every 2 minutes and the data were savedroputer. Macro is defined as a series of
software operation, or tasks which are joined togietand when the macro has been created, the
series of tasks can be executed automatically andbe repeated in loop for any number of

times.

To determine the effect of pH on dioxane adsorptmuilibrium experiments were
conducted on AC, MgO, Tiand DE at different pH levels. Aqueous dioxanetsmns
(concentration 50 mg/L) were prepared at diffepgritvalues ranging from 2 to 10.

Hydrochloric acid (HCI) and sodium hydroxide (NaOlgre used for adjusting the pH.

Running macro in OMNIC

software

To collect data each 3 min

TSI TS Flow-rate 5mL/min
—>
T Peristaltic pump
Dioxane solution l
«—

+ .
Adsorbent x

oy FT IR =g

—
Magnetic stirrer

Figure 2.2: Schematic diagram of the necessary time for adtisor
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Figure 2.3: Typical IR spectra of dioxane in aqueous solution

Sample Preparation for Vapor Phase

Gas cell (400 ml) for the analysis ak@nd vapor phase components using infrared
optical spectroscopy was designed out of a glastower, with two zinc selenide (ZnSe) crystal

windows to allow light in the mid-infrared rangegass through (Figur25A).

Adsorption of dioxane in vapor phase onto AC, M@@@®,, and DE were measured at
296 K and at a pressure of 760 mmHg (torr). Eadwoidibnt, measuring 0.2 g, was equally
spread on a 24 dglass slide and placed at the bottom of the cekk dell was sealed using

rubber septum and plastic cover with inner glassesdFigure2.5B) and placed on FT-IR
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(Figure2.5C) spectrometer. Fourty mg dioxane were injeatdg micro-pipette through a

small hole on the gas cell’'s top cover, and the s sealed by adhesive tape. Dioxane
concentration was 100 pg/ml after it completelyporated inside the cell. A macro was created
by OMNIC Macros application to measure absorbapeetsa every 1 minute for 100 minutes

using transmission FT-IR mode. The data were séyeahalysis.

The IR absorption spectra for dioxane vapeggse obtained at various times. These spectra
were analyzed using the C—H bending band. Thecteelepeak region for obtaining the

integrated absorbance was 1500.2—1420.2 @Rigure 2.4).
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Figure 2.4: Typical IR spectra of dioxane vapor
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Figure 2.5: Dioxane adsorption measurement on FT-IR in vapasgh

The amount of dioxane adsorbed was calculated dicgpto the following equation:

xim = (Cp — G)/w
wherex/mis the weight of the adsorbate divided by the wegjtihe adsorbent (ug/g) is the
dose of adsorbent (mg),is the volume gas cell (mI, and G (ug/ml) are pre- and post-

adsorption concentrations of dioxane (ug/ml), eespely.
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Adsor ption | sother ms

The adsorption isotherms of aqueous diosahgion adsorbed onto AC, MgO, TiCGand
DE at a temperature of 296 K and a pH value of#002) were obtained using batch-type
adsorption measurements. Experiments were caruedt@quilibrium (at minute 90 of contact)
by using a different amount of adsorbent rangingnf20 to 500 mg at a fixed concentration (10
mL; 50 mg/L) of agueous dioxane. The equilibriuntedaere analyzed by Freundlich isotherm
model equations. The data were used to obtainfivesttimates of parameters, and the related
parameters obtained by calculation from the vatiedopes and intercepts of the respective
linear plots:

log (xm) = log K¢ + (1/n) log Ce

wherex/mis the weight of the adsorbate divided by weighthef adsorbent (ug/gks and 1/n

are Freundlich adsorption constants, &t concentration post-adsorption.

Transmission Electron Microscopy (TEM) Analyses

TEM analysis was performed on a Phi@d4 100 Transmission Electron Microscope at
the Biology Department, Kansas State Universitingia 200 mesh Formvar/carbon-coated

copper grids for absorbing samples (Ted Pella @A, USA Lot #:131011-01881, Lacey F/C).

Data Analysis

Data were analyzed statistically using Mihi(version 16.1.1, Minitab Inc., PA, USA,
2010). Analyses of variance (ANOVAs) were useddseas the significance of differences in

means between groups. The Tukey’s Multiple Comparidethod was used to compare the
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means. Data are presented as mean (x standarjlardoall statements of significance were

based on a 95% confidende< 0.05).

Results and Discussion

Adsor ption in Aqueous Phase

Adsor ption Capacity and Effect of Contact Time

The rate of the dioxane adsorption fronbewavas very fast with all the adsorbents. The
adsorption of dioxane increases with time and gaigueaches equilibrium. The required
contact time for attaining equilibrium and maximadsorption rate was at the"3@6", 38",
and 34 minute for AC (Figure 2.6), Tig(Figure 2.7), MgO (Figure 2.8), and DE (Figure)2.9

respectively.

The exposure time between the adsorbate and tlebats for completing adsorption is one
of the most important parameters that has an infleaen the performance of adsorption
processes. This parameter offers information omtimemum time required for considerable
adsorption to take place and the possible diffusmmtrol mechanism between the adsorbates
(Al-Anber, 2010). The higher rate of adsorptioriret beginning was due to large available
surface area of the adsorbent during the initegest and with the passage of time, the capacity
of the adsorbent gets exhausted (at equilibriuth¢ Temaining unfilled surface sites are
difficult to be occupied due to repulsive des between molecules of the solute on the solid

phase and in the bulk liquid phase. The rate aikeots controlled by the rate at which the
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adsorbate is transported from the exterior to ribherior sites of the adsorbent particles (Gulipalli

et al, 2011, Vermaet al, 2006).

The average values of adsorbed dioxaneue@gp solution after reaching equilibrium and
at minute 600 were 80.43 £ 0.99, 10.54, 3.41 +,0aBd 2.98 = 0.27 pug/g onto AC, DE, TiO
and MgO, respectively. It was observed that theorahcurves of all adsorbents were relatively
smooth and continuous, and the standard errorsdrption rates on timeline at equilibrium was
relatively low. This suggests the possibility ofrf@tion of monolayer coverage of dioxane at

the interface of the adsorbent.

Effect of pH

We found variation of adsorption capacityatifadsobents at different pH values in our
experiments. The adsorption of dioxane on all dasais was influenced by the pH of the
aqueous solution. The adsorption of dioxane onteaAE DE increased from 71.44 to 85.9 ug/g
and 4.08 to 12.91 pg/g, respectively, when the ptHesolution was increased from 5to 8. The
adsorption of dioxane onto MgO and pifdcreased from 1.440 to 5.440 pug/g and 1.652710 6.

Kg/g, respectively, when the pH of the solutiorswecreased from 5 to 7 (Figure 2.11a,b).

Solution pH is additional significant paraerethat influences both adsorbate chemistry in
solution and surface binding sites of the adsotb&sniseen from the graph, the equilibrium
adsorption capacity increases with an increasdlirg@aches a maximum at neutral and slightly
basic pH, and then decreases. The lower adsomdjvacity of all adsorbents was observed at
low pH (3 to 5). A possible explanation for low adstion at low pH is the presence of higher
concentration and higher mobility of kbns that bond to water molecules to form hydroniu

ions (KO ™), so that the adsorption sites on the surfacheftisorbent are surrounded yDH,
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thereby preventing dioxane from reaching the bigdites of the adsorbents (Onuetial,
2010). As well as the lower adsorptive capacitip&f MgO, and TiQ onto dioxane at low pH

values may be also related to their slight dissmhut

A strong decrease in the dioxane removaliehcy was observed in high pH environments
(above pH 9.0). This might be related to the fororabf hydroxyl radicals (OH, which
subsequently compete with the molecules of dioXanadsorption sites, leading to dioxane’s

decreased adsorptive capacity (Moussavi & Mahm&@9)

Effect of Water Type

No significant difference was observedhia adsorption of dioxana €5 andP > 0.05)
between water types and within adsorbent groups.highest adsorption capacity was found in
AC group followed by the DE group. The averaga of AC group was 79.87 (ug/g), 80.52
(ng/g), and 80.87(ug/g) for ground water, surfaagewy and DD water, respectively (figure

2.12).

Surface and groundwater contain numerousnmaé such as particles of soil, suspended
sediments, humic material, organic particles, asdadved matter. This, combined with other
factors like pH and residence time, might affeet aldsorption of pollutants in water onto

adsorbents.

Despite differences in the properties of the thypes of water and their quality, the
results showed no significant difference in theoapiBon of dioxane between them. This
observation can be explained by the fact that diexaas low organic carbon partition coefficient

(Koc) and low distribution coefficienK(y). Kocrefers to affinity of the chemical to be adsorbed
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onto organic components of the soil or sedimentigles. Ky describes the equilibrium
concentration ratio of chemicals between soil gpsmded sediment particles and water
(Suthersan, 2002). Therefore, the existence ofesuggal organic and inorganic particles in water

samples would not affect the adsorption of dioxami® adsorbents significantly.

The pH of DD water, ground water, and stefevater were 7.00, 7.59, and 8.11,
respectively. The variation in pH also did not affthe adsorption of dioxane, and the slight
basic condition of surface and ground water wassuafiicient enough to generate a higher
concentration of OHadicals that could compete with dioxane molectdesdsorption sites on

surfaces.

Adsorption | sotherms

All adsorption isotherms showed a goodafith Freundlich equation. The study found
that that AC adsorbed a large amoutn(= 80.88 pg/g) of dioxane compared to the other

adsorbents, with thewm ranging from 3.79 and 11.41 pg/g.

The Freundlich isotherms derived from the datashmvn in figure 2.13, and the extrapolated

parameters are summarized in table 2.3.

Adsorption is frequently described throughsatherm. The adsorption isotherm shows how
the adsorbed molecules are distributed betweesdlution and the solid phase as soon as the
adsorption attains equilibrium (Nwabanne & Igbok®@08). The adsorption isotherm is useful
for representing the capacity of an adsorbentdsoebing compounds from water and in
offering a description of the functional dependeoteapacity on the concentration of

compounds (Weber, 1972b). Therefore, the adsorptipacity and also the performance of an
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adsorbent are usually predicted from an equilibragsorption isotherm (Kumat al, 2008,

Ochonogor & Ejikeme, 2005) .

Activated carbon is extensively employedtfa removal of hydrophobic organic chemicals
in water. The process of AC adsorption is relagivesy, its performance is reliable, the cost of
operation is low, and it can be applied to variscales in a treatment plant (Fukuhetal,

2011). The amount of dioxane adsorbed onto AQismdtudy was lower than other hydrophobic
organic compounds which have been in other sty@iebbs & Cohen, 1980). The hydrophilic
nature of dioxane may account for its low adsorgglmnto AC. The hydrophobicity of a
compound increases as the number of carbon atareases, and as its solubility in water
decreases. The negative charge of oxygen atom foydrephilic functional groups such as
hydroxyl or ether groups. Therefore, water soltpik increased as the number of these
hydrophilic groups increase in the molecule andsegnently adsorpability is decreased (&be
al., 1983). Taking this viewpoint into consideratidigxane possesses four carbon atoms and
two oxygen atoms. Thus, it is substantially infloed by hydrophilicity and weakly influenced

by hydrophobicity. Dioxane molecules remain stablevater for the most part. Hence, the
affinity between the water and dioxane is relagnalong, which prevents the release of dioxane
from water for its adsorption onto the surfaceh& adsorbent. Generally, the adsorptive capacity
of AC is mainly due to London dispersion force, @his part of the van der Waals’ force and
also dependent on pore size distributions, suidaea, and pore diameter (Nellal, 1992), and

therefore adsorption force increases with decrggsime size (Let al, 2002).

The results of dioxane adsorption onto AGhis study were consistent with some results of
a previous study conducted in 2011. That studysaased out to study dioxane adsorption onto

eight different ACs. The ACs were prepared fromaus sources (coconut, phenol resin, coal,
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and sawdust) in different forms (granular, fibroaisgd powdered) by direct activation in a rotary
kiln, without a carbonization process. The surfa varied from 983 to 181Gty
(Fukuhareet al, 2011). Our results were similar to the resuldioixane adsorbed onto AC

prepared from phenol resin with a surface ares6@8Binf/g.

Because of its high porosity, high surfaoea properties (80%hg) (Datskoet al, 2011),
good hydrophilicity, high chemical inertness, redaly low cost, and environmental friendly
nature, DE is extensively employed as a filterirggnix, an adsorbent, and a catalyst carrier to
remove many contaminants from water (\&twal, 2011). Due to its high surface area, DE
possesses a high absorptive capacity and can alpgdoo2.5 times its weight of water (Al-
Rashdan, 2001). Hence, It has been used for tle@ds of many heavy metals, textile dyes,
and other substances from water and wastewat#rsy @ its natural form or a chemically
modified form (Ridhaet al, 1998, Khraishelt al, 2004). It is consists mainly of amorphous
silica. It is considered as a mineral of organigiar(fossilized diatom skeleton). Active
adsorption sites on DE surface having active hyglrgsoups, which are responsible for
adsorption, are thought to be as follows: (i) iased free silanol groups (—SiOH), (ii) free dual
silanol group [-Si(OH}J, and (iii) siloxane group —Si—O-Si bridges witkygen atoms on the
surface (Zhuravlev, 2000). The hydroxyl groupsascthe core of molecular adsorption through
their specific interaction with adsorbates, whievé the capability of creating a hydrogen bond
with the hydroxyl groups, or more commonly, of urgteng an interaction as a donor—acceptor.
The main forces governing the adsorption of DEvareder Waals force and hydrogen bond.
Hydrogen-bonding sites play an important role in &Sorptive capacity. Two different types of
hydrogen bonding sites are related to silanol gepwich act as a proton donor, and to the

siloxane group, where the group acts as a protogpdar. The silanol groups spread over the
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surface of the silica are active and have a tendenmeact with many polar organic compounds
and various functional groups (Zhuravlev, 2000 gkanet al, 2011, Grob & Barry, 2004). At a
sufficient concentration of silanol groups, thefaoe becomes hydrophilic. By contrast, the
removal of the hydroxyl radicals from these grotgmult in a decrease in the adsorption and the

surface tends to be more hydrophobic in nature f@hev, 2000).

Although DE has a high porosity and highface area, it showed low adsorptive capacity
toward dioxane in water compared to AC. The retalow adsorption of dioxane onto DE could
be explained as follows: Water is a broadly hydrogonded system and has ability to form a
cage around the solute without sacrificing muckthefhydrogen bonding. Therefore, the host
water molecules are able to organize themselvesaicage-like structure around the dioxane
guest molecules and then can utilize all the fateptial hydrogen bonds per dioxane to form a
clathrate-like compound (Powaedt al, 1995) . The only physical attraction between DEace

and dioxane is van der Waal attractions, whiclelatively a weak force on DE surfaces.

Nanocrystalline metal oxides have a higlogatsse capacity toward a wide range of
environmental pollutants ranging from acids, chilated hydrocarbons, organophosphorus and
organosulfur compounds to chemical warfare agéiitsse compounds also have the capability
to destroy various chemical hazards by alteringithee much safer by-products in a wide range
of temperatures (Kopet al, 2007). The adsorption efficiency of nanocrystalmetal oxides
results not only from their high surface area s @ue to the high concentration of low
arranged sites and structural defects on theiasarfMishakowet al, 2002). A number of
different nanoparticles of metal oxides have bdwws to be effective toward common water
contaminants including halogenated organic compsamd heavy metals. For example, iron

nanoparticles were found to be very effective har transformation and detoxification of a wide
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variety of common environmental pollutants, sucklasrinated organic solvents,
organochlorine pesticides, chlorinated aliphatieschlorate, methyt-butyl ether and
polychlorinated biphenyls, and these materials lzs® shown some capacity for removing

inorganic metal pollutants like chrome, arsenid Bad (Kent, 2012).

The nanocrystalline MgO has showed a hidgorptive capacity toward some organic
compounds in wastewater like textile dyes (i.endeau S dye, reactive brilliant red X-3B and
Congo red) (Huet al, 2010, Venkateshet al, 2013, Moussavi & Mahmoudi, 2009), pesticide-
like paraoxon and organophosphorus compounds sudimeethyl methyl phosphonate (Koper
et al, 2007). Nanopatrticle Tighas been effectively used for the remediationwfde range of
organic chemicals like hydrocarbons, chlorinatedrbgarbons such as carbon tetrachloride,
chloroform, trichloroethylene, phenols, chlorirdhfghenols, surfactants, dyes, reductive
deposition of heavy metals such as platinum, Igaftl, rhodium, chrome, and others from
agueous solutions to surfaces in addition to destnu of microorganisms like bacteria, viruses,
and molds in water (Mills & Hoffmann, 1993). Somanocrystalline metal oxides such as MgO
and TiQ have been found to have a high adsorption captmitsird polar organic compounds
compared to nonpolar organics (Khaleehl, 1999). Data on dioxane adsorption in aqueous

phase onto nanocrystalline metal oxides, like Mg@ & O,, are not available.

In this study, the nanoparticle metaldes of MgO and Ti@showed low adsorption
capacity toward dioxane in aqueous phase and taysha attributed to their nonpolarity in

addition to their hydrophilicity.
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Adsorption in Vapor Phase

The adsorption of dioxane by AC, Fi®lgO, and DE is examined at different time
intervals and the results are shown in figure 2AIcan be seen from the figure, during the first
40 min of the experiment, the concentration of divx adsorbed onto all adsorbents increases
with time. The average contact time required foximaim adsorption of dioxane in vapor phase
was at 22, 8, 8, and 7 min for AC, Ti®IgO, and DE, respectively, whereas the average time
required for reaching equilibrium rate of dioxamsarption in vapor phase wa$, 28, 40, and

18 min for AC, TiG; MgO, and DE, respectively. Then there was no sicanit change of

dioxane concentration observed till 2100 min.

As shown in figure 2.18e required contact time for maximum adsorptide d dioxane
onto AC was longer than in other adsorbents, aaddbults showed no significant differenBe (
> 0.5, n=5) between TiOMgO, and DE. The shorter time was associated witlel adsorptive
capacity of the adsorbents. This can be explaimexigh the limitation of interaction sites on the
surface of the adsorbent that are occupied anth atituration state faster than the adsorbent
possessing higher adsorptive capacity. The cotitaetfor reaching equilibrium varied between
the adsorbents. The longer time was observed foration onto AC and MgO, and it was
shorter for TiQ and DE. The maximum adsorption time was higheaftsorption on AC
compared to that shown on MgO, Bi@nd DE. The equilibrium is the result of a contjmet
between two contrary mechanisms, represented bgcdtineation energy of adsorption and
desorption (Limousiret al, 2007). The time between point of maximum adsorpénd first
point of equilibrium represents the desorption pesc The shorter desorption time was observed
in DE and longer in MgO. The duration of desorptmay explain the strength of attachment

between the dioxane molecule and the adsorbergcgyrimplying that a stronger attachment
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needs a longer time to detach. The short contaet for reaching equilibrium may indicate that
the physical adsorption dominates the interactemvben dioxane and the adsorbents, because

the physical adsorption systems usually reach ieguin rapidly (Rouqueroét al, 1999).

The results of dioxane adsorption in vagwage (figure 2.16) showed significant differences
between the adsorption means of all adsorb&ts(@.001, n=5), where AC generated the
highest rate of adsorption at 66.9 ug/g, followgd'D, at 19.3 pg/g, MgO at 8.6 pg/g, and DE

at 4.7 ng/g.

Dioxane, like other volatile organic compdaneasily evaporates at room temperature. Its
vapor pressure (40 mmHg at 25°C) under normal ¢crmdi allows it to significantly evaporate
and enter the atmosphere (Lewis, 2000). Dioxane lmagmitted to the indoor or outdoor
atmosphere through air effluents at the sites wheseroduced, processed, after use, and via
unintentional formation (ECB, 2002). As reportedhe Toxics Release Inventory by specific
types of U.S. industries, U.S. EPA has estimatatiGtb22,259 pounds of dioxane were emitted
into the atmosphere of the total 19 million pourelsased into the environment in the United
State between 1988 to 2012 (TRI, 2013). In Japao)latant release and transfer register survey
indicates that the total annual release of dioxatweair is greater than that into the aquatic
environment. For example, the total annual emissbdioxane into the atmosphere was 160,

184, and 169 tons in 2001, 2002, and 2003, resdgtiPRTR, 2003).

Many techniques are used to control the giomsof volatile organic compounds. These
techniques are basically classified into two ddfe@rgroups: the destruction and the recovery
techniques. The destruction techniques includeatidd and bio-filtration, whereas the recovery

techniques include absorption, adsorption, condemsand membrane separation. Adsorption
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is the most common process using for removing Welatganic compounds from air (Khan &

Ghoshal, 2000).

The phenomenon of adsorption has been engblgely in air pollution control. During
adsorption, the molecules of the pollutant in gagse passing through a bed of solid particles
are selectively held there by physical forces, Wlace weaker and less specific than those of
chemical bonds. Adsorption takes place more readigonditions of lower temperatures and
humidity. The adsorptive capacity of the solid (#usorbent) for the gas molecules tends to
increase with the gas phase concentration, moleadmht, diffusivity, polarity, low humidity,
and boiling point (Vatavuk, 1999). A wide varietyroaterials are used as adsorbents to remove
the organic pollutants from air like activated aarpzeolites, activated alumina, synthetic
polymers, silica gel, and porous clay minerals. doev, all adsorbents have limited capacities

and thus require frequent maintenance (Khan & Gdlp2000).

Activated carbon has been used extensivelgrhove gaseous contaminants from air. It has
the potential to remove most hydrocarbons, mangtsides, and organic acids. The adsorption
capacity of AC increased linearly with an incretlsmolecular weight, dynamic diameter,
boiling point, and density of the adsorbate. Howgadsorption capacity of AC decreased with
an increase in the polarity index and vapor presefithe adsorbate (let al, 2012). Most of
the organic compound vapors are adsorbed onto Atigh physical adsorption, which is based
on the van der Waals force between the adsorbdtéd@nin this study, the adsorptive capacity
of AC toward dioxane vapor was moderate, and it agr than that found in other organic
volatile compounds such as xylene and toluene @Das 2004). The moderate adsorption of
dioxane vapor by AC may be explained through itgsptal and chemical properties. The

polarity index (intensity of adsorbate polarity)dibxane is 4.8, which indicates that dioxane is
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relatively nonpolar. The molecule of AC is nonpaad therefore the affinity between AC and

dioxane is not strong enough.

Li and coworkers reported that the physicklasption of organic vapor onto AC was similar
to gas liquefaction and condensation, which wett blmsely associated with boiling point. At
higher boiling points, liquefaction and condensatiake place more easily, which increases the
adsorption capacity (let al, 2012). Vapor pressure of the adsorbate is ther gthysical
property that can influence the adsorptive capaifigkC. Thus, the adsorptive capacity of AC is
affected negatively with increasing vapor presgure2010). Boiling point and vapor pressure
of dioxane are 101°C and 40 mmHg at 25°C, respagtiThey are relatively not high in
comparison with the boiling point of other organampounds, which may also explain the

moderate adsorptive capacity of AC toward dioxaayaov.

Many studies have been conducted to igetst the adsorptive capacity of DE or modified
DE toward organic compounds in vapor phase. ThdteeBave shown a varied range of
adsorptive capacities, ranging between very lowlagld. For example, toluene vapor adsorption
onto DE mixed with fly ash was high (Liet al, 2001). But, xylene vapor adsorption onto DE
was moderate (Zaitan & Chafik, 2005). The hydrolgend with silanol groups on the surface of
DE is the most important factor that determinesatigorption of an adsorbate onto DE
(Dallbrowski & Tertykh, 1996). In this study, dioxangpea adsorption onto DE was low and
this may be related to weak hydrogen bonds betweedioxane molecule and the surface of
DE. However, data on dioxane adsorption onto DEhateavailable, and such data can throw

light on the adsorption pathway.
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Nanocrystalline metal oxides exhibit a widage of unique properties. One of the unusual
properties is their enhanced surface chemicalixgigctoward incoming adsorbates (Klabunde
et al, 1996). Many studies have reported that nanoaltyst metal oxides such as MgO, CaO,
ZnO, TiG,, Al,O3, and FeO3 have been shown to be highly efficient and acigsorbents
toward numerous toxic substances including comnmopodlutants, chemical warfare agents
(i.e., nerve agent, VX, and sulfur mustards), arid gases (Khaledt al, 1999, Wagneet al,
2000). In most cases, destructive adsorption oamutbe surface sites of the nanocrystals, so

that the adsorbate is chemically broken up ancethemade nontoxic (Volodiet al, 2006).

The reactivity of nanocrystalline MgO and FmMth organic chemicals in gas phase has
been examined by many studies. For example, Kheleg. have investigated nanocrystals of
MgO, calcium oxide, and aluminum oxide as adsorbehtypical volatile organic compounds,
which are representative of air pollutants. Theatitd organic compounds used in that study
were acetone, propionaldehyde, benzaldehyde, tiytestetaldehyde, ammonia, dimethylamine,
N-nitrosodiethylamine, and methanol. Nanocrystals1gD have shown remarkably high
capacity to chemically adsorb such organic compsuAdditionally, nanocrystalline MgO was
found to adsorb acetaldehyde in large quantitigkerabsence of air. At room temperature and
over a short period of time, one mole of MgO adsdrbp to one mole acetaldehyde. The
adsorption was very fast and vigorous. The higlogdse capacity of MgO toward
acetaldehyde was attributed to a special reactilidayresulted in a multilayer dissociative
adsorption of large amounts of the chemical, areltduhe interaction of the carbonyl group
with surface sites followed by the aldehydic hydnoglissociation (Khaleet al, 1999).

Another study was conducted to investigate themiatieof nanocrystalline Ti@for the

destructive adsorption of carbon tetrachloride (E@ was found that nanocrystalline TiGad
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a very high capacity to remove chlorinated hydrboas from air. The study suggested that the
possible pathway for the destructive adsorptio@0f, over nanocrystalline Ti@was physical
adsorption, where the relatively positive carbanatnteracts with a site of negative oxygen and
the relatively negative chlorine atoms interactwpbsitive sites on metal ion to form an

intermediate (Litet al, 2004).

Dioxane is a relatively nonpolar heteroayether molecule, it does not have a permanent
dipole moment, and is not usually considered tpddar (Ohet al, 1998). Ether adsorption on
metal oxides was believed to be controlled by &raction through the oxygen lone-pair
orbital, and the relative bond strengths were dlesdrmainly in terms of inductive depletion of
electron density at the oxygen lone-pair (Latlal, 1977, Walczak & Thiel, 1990). Our study
showed that the adsorptive capacity of nanocrys&lliO, and MgO toward dioxane in vapor
phase was low (19.3 and 8.6 ug/g, respectivelyg. Sttrengths of interaction between dioxane
and the surface of metal oxide can be explainadanily in terms of physical adsorption and via
an interaction controlled by the oxygen lone-pabital. Apparently, this interaction is more
comparable to a weak dipole—dipole interaction.sehve@sults are consistent with a previous
study that suggested that nanocrystalline MgO a@d adsorb nonpolar organic compounds in

gas phase in low capacities (Khaletehl, 1999).
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Conclusion

The principal objectives of this study wesg1) study the adsorption of dioxane onto four
different adsorbents (activated carbon, diatomaseauth, and nanocrystalline titanium dioxide
and magnesium oxide) in aqueous and vapor ph&jasetermine the effect of pH, contact
time, and type of water on dioxane adsorption meaqs phase, and (3) estimate the maximum
adsorption capacity of the four adsorbents in agagihase by fitting the adsorption equilibrium
data to adsorption isotherms of the Freundlich maddee results of the study could be summed
up as follows:

e Generally, the adsorbability of dioxane is qualtally low in aqueous and vapor phases.

e The highest adsorptive capacity of dioxane in tingeaus phase was found onto AC,

followed by DE.

e The nanocrystalline metal oxides showed very losoggtive capacity toward dioxane in

the agueous phase.

e The study showed that adsorption of dioxane ortadsorbents reaches maximum at

neutral and slightly basic pH solutions.

e The water type was found to have no effect on diexadsorption onto AC, T¥DMgO,

and DE.

e All adsorption isotherms obtained were found taatipely fit a Freundlich equation.

e In vapor phase, the highest adsorptive capacithafane in was found onto AC.

e The nanocrystalline metal oxides showed higher idise capacity in the vapor phase

than in the aqueous phase, and;lé®hibited more favorable adsorptive propertiestha

MgO.
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e The contact time for reaching equilibrium and maxmadsorption rate was fast (< 40

min) in both phases, indicating that the physickaaption controls the interaction

between dioxane and the adsorbents.

Table 2.3: Freundlich adsorption constants on dioxane onfierdit adsorbents in aqueous

solution
Adsorbent Fre:fndlich Consf;l:fé) Correlatiogzcoefficient x/m (ug/:gs)(")iSE
MgO -18.659 0.071322 0.547 3.794 £ 0.83
AC 1.225 1.158749 0.981 80.878 £ 3.28
DE -10.595 0.117578 0.674 11.416 £2.92
TiO» -26.114 0.051169 0.444 3.842+£1.21

@ Freundlich Constants were determined at dimensiofs (mg/L), x/m (ug/g)
®) x/m amount adsorbed at the equilibrium concentratib50mg/L
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Figure 2.6: Effect of contact time on the dioxane adsorptiotoatctivated carbon in aqueous
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solution
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Chapter 3 - Developing a New FT-1R-based Real-Time Detection
Method for Flow-Through Diffusion Cell studiesfor Assessing in

vitro Transder mal Per meation

Abstract

The skin serves as an important portal for entrgh&micals into the body. Skin absorption data
are required for toxicological risk assessment@marmaceutical availability of topical
medicamentdn vitro techniques are usually used to evaluate skin pbear A new flow-
through diffusion method was developed by modifyiimg Bronaugh flow-through diffusion cell
with flow capacity in both the donor and receptompartment and using ATR-FT-IR as an
analytical technique. The current method perforredocin vitro transdermal permeation was
evaluated by (1) comparing permeation flux in avfitirough donor chamber and a static donor
chamber, (2) evaluating the effect of the recefitid flow rate on dermal permeation flux, (3)
evaluating the effect of the donor fluid flow rate dermal permeation flux, and (4) comparing
permeation flux data obtained by flow-through eath automated sampling system (ASS) with
data from modified flow-through system (MFTS). Téygeriment was performed using dioxane
permeating through human stratum corneum at roompéeature. The results showed that the
highest dioxane flux obtained at a slower recefitid flow rate, and the lowest flux obtained at
the highest rate (R2 =0.935). The variability af flux at steady state was increased as the
receptor fluid flow rate increased (R? = 0.977) enehthe coefficient of variation wdsl3 = 0.23
% atl mL/hrand6.01 £ 0.57 %at 40 mL/hr. No significant differenc® & 0.73) was found

between dioxane flux obtained by ASS and by MFT&.tBe results showed a significant
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difference P < 0.001) in variability of dioxane flux over tinbetween the two systems, with
MFTS showing a lesser coefficient of variation 20.10.19 %). The cumulative amount of
dioxane in MFTS and ASS was linear with time, amellag time was significantly differerf® (
<0.02) between MFTS and ASS with values of 2.1926@nd 2.58 + 0.33hr, respectively. The
donor fluid flow rate showed no effe® ¢ 0.05) on the dioxane steady state flux. This @hod
may present an alternatirevitro model for evaluating dermal absorption with thdextl
advantages of providing ‘real time’ quantitativgtinidensity permeation data, control of steady

donor concentrations over time, simplicity of uged the low cost of test samples.
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I ntroduction

In toxicological risk assessment, skin absorptiataare required for a wide range of
chemical compounds to evaluate the internal dasdisnring a dermal exposure to these
compounds and to provide exposure assessors withderstanding of safety limits. Moreover,
there has been a growing interest in dermal adtratiisn of drugs for both local (topical
application) and systemic (transdermal delivergydipy. Skin absorption can beeasured bin
vivo or in vitro methods with humans and animals.vivo studies frequently present many
challenges, such as cost, country-specific legisiaethical considerations, and othénsvitro
methods can provide a valid alternative toitheivo methods for many significant aspects of
skin exposureln vitro methods also offer an economical and practicatdtive for low-cost
testing of a large number of formulations, savingetand effort, and overcoming legal and
ethical considerations. Howeven vitro dermal absorption studies should be carried oueéund
conditions mimicking those in the real world ifiedlle and accurate data is to be obtained

(USEPA, 2007).

In vitro dermal absorption studies often use the prin@pldiffusion, where a penetrant
solution is applied to one side of the skin andlittision flow measured on the other side.
Usually, the method for evaluating penetrant pebiiga in vitro uses a rate limiting membrane
(commonly, skin) that separates two chambers. Thersurface of the skin faces the donor
chamber and the inner surface faces the recept@c@eptor) chamber. The receptor chamber
is filled with a proper physiological receptor filjithe penetrant is added into the donor
chamber on the outer surface of the skin, andaiis of accumulation in the receptor chamber
receptor fluid is used to measure the dermal abisorfinetic. The penetrant remains on the

skin for a given time under specific environmersisoh as temperature, pH, and osmolarity).
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Receptor chamber samples are taken at periodio/aiteto measure the amount of penetrant
permeating over time (Kielhoret al, 2006, Chilcott & Price, 2008, Permegear, 2014,

Hanson, 2014).

There are two basic approaches to assess skirepgomin vitro: the static (non-
flowing) cell and the flow-through cell. The mosttensively used static design for
investigatingn vitro dermal absorption is the Franz diffusion cell.sTbell has a static
receptor fluid reservoir with a side-arm samplirgtgFranz, 1975). The use of the Franz-
type diffusion cell to conduct dermal experimends napidly become widespread despite
some of its inconveniences and limitations. Thevitbrough diffusion cell is a modification
of the previous static design for mimickimgvivo conditions. It is characterized by
continuously changed receptor fluid to maintairkgionditions during the course of the
experiment. The flow is driven by a pump and thélees a much smaller receptor chamber to
allow easy removal of contents with moderate fldweaeptor fluid (Bronaugh & Stewart,
1984). Flow-through type diffusion cells have besed to assess chemical flux through skin
and other membranes of interest. These cells @vadvantage that the experimental apparatus

can be automated, permitting quick collection ahakd absorption data (Sclafaeti al, 1993).

Sampling from a diffusion cell to measure permeatalermal absorption experiments is
an important factor in terms of time intervals beén samples, frequency, and volume for
determining accurate dermal absorption data. Howevanual sampling is often tedious, time
consuming, and sometimes requires complicated saggthedules that pose challenges for the
investigator (Cordoba-Diagt al, 2000). In a static cell system, the volume okmor fluid is
the same for all the diffusion cells; thus, thergug of permeate that is found in the receptor

fluid can simply be measured for that specific voéu The samples must be obtained rapidly and
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consecutively from all receptor chambers (at caestdime intervals). Automated sampling,
usually used with a flow-through diffusion cellciitates more consistent time-interval
sampling from all the cells. However, there mayrbeal differences in the volume of receptor
fluid driven through each diffusion cell into thellection vials because of tubing component
diameters or clamping pressures in the pump. Shiageof collection time intervals from a
small receptor chamber with an automated sampliatem results in a small sample volume,

which is insufficient for analysis (Sclafagi al, 1993, Talrejaet al, 2001).

Permeating substances from the dermal absorpteomaasured using radiolabeled or
non-radiolabeled material (Kielhost al, 2006). Liquid scintillation counting is the most
common method for quantifying the concentratiop@fmeates in receptor fluid. In this method,
the target molecules (the permeate) are radiokbelith beta-emitting radioactive isotopes,(H
Cc! s* and P? and beta radiation is measured by the scintifatiounters. €& and H are the
two most commonly used isotopes, bati€ preferred for organic compound molecules. The
advantages of using a radiolabelled substancénatét is easy to monitor the distribution of the
substance in the experimental system, simple tatgugby liquid scintillation counting) mass
balance measurements, and usable in combinatibnmvdro-autoradiography to more
determine the distribution of the test substandhiwithe dermal layers. However, there are
many disadvantages associated with radiolabellbgtances. They are expensive to synthesize,
only available in small amounts, difficult to digguish parent molecule and metabolite, in
addition to safety considerations (Chilcott & Pri2808).Non-radiolabeled materials can also be

used in dermal absorption studies and detectedtedtiniques such as HPLC, ELISA, LC-MS, GC-MS,
and fluorescence. These techniques can be adaptesity permeates, and can be used to perform

multiple analyses. Their disadvantage is that gemgll amounts of permeate can remain undetected or
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under-detected due to the large volume of recdfutiorin static cells or the large volume collecfedm

flow-through diffusion cells (Cordoba-Dia al, 2000).

Over the years there have been many proposedaidiffcellmodifications since the earliest
design by Hans Ussing in 1949, which he developaddasure iotransport through frog skin
held between two half-static chambers (Ussing, 1948st modifications have been designed to
evaluate thén vitro permeability of a diversitfissues, and have contained mammalian skin
(Treherne, 1956), buccal mucosa (Bergratal, 1969, Squieet al, 1997), mucosal corneal
membrane (Schoenwald & Huang, 1983), and gastsiintd mucosal membrane (Grass &

Sweetana, 1988).

One of the disadvantages of the side-by-side slffucell arrangement was the need to
immerse both sides of the membrane in an aqueadstam, resulting in hydration of the
normally dry skin external surface. For this regderanz proposed a vertical diffusion cell
design (Franz, 1975). The Franz diffusion celhpiés the external skin surface to remain dry

and also facilitates direct application.

Another disadvantage of the static diffusion cellccumulation of the permeating
substance in the receptor compartment between sayapivhich results in decreased flux across
the membrane. This limitation led to the continufiaw system. The first use of a continuous-
flow system was describe by Ainsworth (AinswortB6@). The continuous-flow system allows
constant removal of permeating compound from theptr chamber, thus maintaining a
concentration gradient through the membrane thatiesiin vivo conditions. Bronaugh and

coworkers (Bronaugh & Stewart, 1985) introducedhfer refinements to the flow-through
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system that permitted system automation if usell wifraction collector or similar sampling

device.

Many other specially modified versions of diffusicells have been proposed and
validated against the classical apparatus. For pkarhe enhancer cell, which was a modified
version of the USP type Il dissolution apparatas $erved as a diffusion cell and has been used
to compare the permeation characteristics of hyattmsone (Kumaet al, 1993), and also the

modified automatic sampling system (Akazastal, 1989, Martinet al, 1989).

The purpose of the present study was to evalbhatpérformance of a new modified
flow-through diffusion cell method fan vitro transdermal permeation, which has flow-through
capacity in both the donor and receptor chambetts nwal time quantifying of the
concentration of permeating compound in receptod flThe method performance was
evaluated by comparing permeation flux in flow thgh the donor chamber with a static donor
chamber, evaluating the effect of the receptodfflow rate on dermal permeation flux,
evaluating the effect of donor fluid flow rate oarthal permeation flux, and comparing
permeation flux data obtaining by a flow-throughl weth automated sampling system (ASS)
with data from the modified flow-through system (W5). The experiment was performed

using the 1,4 dioxane permeating through humatustraorneum at room temperature.
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Material and Methods

Chemicals

The 1,4 dioxane 99.8% was purchased from @S®rganics (New Jersey, USA). The
receptor fluid chemicals were: sodium chloride (Nd®t No. 045779, potassium chloride
(KCI) Lot No. 076729, sodium bicarbonate (NaH{Qot No. 073814, magnesium sulfate
(MgS0O4.7H,0) Lot No. 060337, potassium phosphate §REy) Lot No. 056327, dextrose Lot
No. 054971, and bovine serum albumin (fraction Mdalcohol precipitated) Lot No. 095503.
They were obtained from Fisher Scientific (PittgiiurPA, USA). Calcium chloride (CaCl) Lot
No. A0214153001 was obtained from Acrose OrganewNersey, USA). Levofloxacin Lot No.
0001425507 was obtained from Sigma Aldrich Chem@malSt. Louis MO, USA). Heparin Lot

No. 045058 was purchased from Baxter (lllinois, YSA

Receptor Fluid Preparation

The receptor fluid was designed to mimidaot plasma environment, and consisted of
13.78 g NaCl, 0.71 g KClI, 0.56 g CaCl2, 0.32 g,RBy, 0.58 g MgSQ@.7H,0, 5.50 g NaHCg)
2.40 g dextrose, 90.0 g bovine serum albumin, 4awgfloxacin, and 10 mL heparin, to which
distilled water was added to attain a total volwh@2 L of fluid. The fluid was left on magnetic
stirrer for several hours until all components Hasolved. The fluid was decanted into 1L

bottles, was labeled, and placed in a freezer uintias used.
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Skin Preparation

Human skin was donated under conditionsifoirmed consent as set forth in the “Federal
Policy for the Protection of Human Subjects,” 45RC#6.116-117, and with approval by the
Institutional Review Board for Kansas State Uniitgr@proposal number 4206).

Human skin from the abdominal region was obtaifinech white-skinned females who
had undergone tummy tuck surgery (Manhattan Surbioapital, Manhattan, KS). The skin
was dermatomed (Padgett Model S Dermatome, Intafg&ciences Corp., Plainsboro, NJ,
USA) to 0.5 mm thickness and stored at —20°C ws# during the next two months. Thereafter,
dermatomed skins were thawed at room temperatu@Ofain and cut into disks. Skin disks

were mounted in the flow-through diffusion cell &y with exposed skin surface areas of 1 cm
Flow-Through Diffusion System M odification

The flow-through diffusion cell system (PermeGlka:, Hellertown, PA, USA) was
used as modified. This cell is made from plastit-Kéa 3M product) or Neoflon. It has a
clamping system to securely clamp tissue or mengsta@lamping is achieved with a stainless
steel spring that applies pressure preset by thietaghe upper surface of the donor
compartment for leak proof clamping. The diffusimil has a contact area of 1 Tand consists
of two compartments a static donor compartmentaafbolw-through receptor compartment. This
flow-through diffusion cell was modified to providlew-through capacity in both the donor and
receptor compartments, and was connected to thedkkswhich was mounted on the FT-IR
spectroscope where the effluent from the recemiompartment flowed over the crystal aperture.

The test cell is made from Plexiglas and has a bleaifdiameter = 5.2 mm, depth = 4.71 mm,
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volume = 100 pL) to be placed directly on the alyaperture. A schematic representation of the
modified flow-through diffusion system is shownfigure 3.1.

The human skin disk was mounted on the slifiiu cell. Thereafter, tubing was attached to
the inlet port of the receptor compartment whicls warfused with receptor solution, and to the
donor compartment inlet port, which was suppliethwlionor solution using high-
precision multi-channel pumps for analytical apgiions (ISMATEC, IPC-N 16, ISM 938,
Switzerland)Both the donor and receptsolutions were perfused at a 2 ml/héow rate. The
donor compartment was filled with 3 ml of the dosolution for permeability studies. This
ensured that the skin was exposed to donor solatitimee beginning of the permeability study.
The concentration of the dioxane in the donor smhuvas 50 mg/ml. The skin was exposed to

the test formulations over a period of 10 houn®am temperature.

To determine the proper flow rate for flomdgugh cell experiments, dioxane water was
applied to the surface of the skin in a water viehand the steady-state dermal absorption rate of
the dioxane was measured at different receptad flov rates (1, 5, 10, 20, 40 ml/hour). To
compare permeation flux data obtaining by MFTS thredautomated sampler system (ASS), the
PermeGear Model (Hellertown, PA, USA) was usednfFtadiffusion cells, perfusate was
collected in receptor vials after the applicatidthe formulations to the skin at 20-minute
intervals for the first hour and at one-hour intdsvthereafter for a 10-hour period. Hence, each
perfusate sample represents the collective flowtthin over the preceding hour. The permeating

dioxane concentration in the collected samplesmeasured by FT-IR.
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Analytical Procedure

To determine the dioxane permeating through ting #R adsorption spectra at time
intervals were obtained. The attenuated total ctdlece IR spectrum of effluent from the
receptor compartment was measured using attentatddeflection Fourier transform infrared
spectroscopy (ATR-FTIR) with a Thermo-Nicolet FT-49Rectrometer, model 6700, and a
GladiATR vision unit (PIKE Technologies, Inc. WISA). The OMNIC FT-IR software
program was used in the FT-IR system. Absorbaneetspwere measured over the wave
number range of 4000—400 thwith a spectral resolution of 4 émThe IR absorption spectra
for dioxane in solution were obtained at varionsets. These spectra were analyzed using the C—
O vibration band. The selected peak region foaioinig the integrated absorbance was 1105.2—
1160.2 cnit. The crystal aperture surface was cleaned withalcand dried, and an uncovered
crystal background was run prior to scanning ofsti@ple sets. With the continuous flow
measuring method, a macro was created by usin@QMigIC Macros application to measure

absorbance spectra every 3 minutes, with the datdson the computer.

Data analysis

Data were analyzed by calculating both flux (mdftm and cumulative penetration

(mg/cnf). The steady state fluxsQJwas calculated according to the following equatio

Jss= AQIA* At

where AQ) is the amount of compound permeating the skimduime (At) and (A) is the
diffusional area (1 ch). The amount of dioxane passing through the &lsthamber over each

time interval was calculated by multiplying the raeged concentration by the volume of
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receptor solution inside test cell chamber (100 uer the time interval. The lag time for
dioxane was estimated by extrapolating the lin@ar @f the permeability curve and assigning its
intercept on the time axis. This was assigned tdico that the duration of the permeability
experiment was long enough to offer an accuratkiatian of the steady state flux, as the length

of the experiment must typically be three timesdhegation of the lag time (Shah, 1993).

Minitab (version 16.1.1, Minitab Inc., PA, USA - P0) Analyses of variance (ANOVA) was
used to assess the significance of differenceseians between groups. Tukey’s Multiple
Comparison Method was used to compare the meaassd?es correlation was used to measure
the strength of a linear association between tle#ficent of variation and flux with the flow

rate of receptor fluid. All data obtained are preed as mean (£ SD), unless otherwise stated.
All statements of significant differences were lthea a 95% confidence level (P < 0.05). A
statisticalmeasure of the dispersion of data points seriélspobver time interval was evaluated

by the coefficient of variation (%), as follows:

Coefficient of variation (%) = (standard deviatiomean) *100

Lag time of dioxane in MFTS and ASS was calculdtech linear extrapolation of the steady-

state portion of the penetration profile back t® xhaxis.
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Results and Discussion

Effect of Receptor Fluid Flow Rate on Per meability through Skin

Primarily, the experiments were conducteddcertain the suitable receptor fluid flow rates
for flow-through cell study. The receptor fluid Worates of 1, 5, 10, 20, and 40 mL/hr were
used, and the experiment was repeated 5 times.eBn#ts showed a significant differenée<g
0.001) in the permeated amount of dioxane throbgtskin at steady state absorption between
the flow rates. The higher permeated amount weesiéed at a slower flow rate (ImL/hr),
and as flow rate increased, the permeating diogaoeeased (Table 3.1). The result showed a
strong correlation (R=0.935) between the flow rate of receptor fluid &me flux of the dioxane
through the skin (Figure 3.2).

To evaluate the effects of flow rate onwheability of flux at steady state absorption
through human skirthe results showed that the variability of fluxneased as the flow rate
increased. The variability at the slower rate (¥/mnLwasl.13 + 0.23%coefficient of variation
and6.01 + 0.57% at the faster rate (Table 3The absorption profile@-igure 3. 3) show that
almost identical variability was found at the 1 &hL/hr rates, whereas the results presented a
significant differencel < 0.001) between the variability at the 5, 10,&] 40 mL/hr rates.
Linear regression analysis showed a strong coioel@R?2 = 0.977) between the variability and

flow rate (Figure 3.4). The 2 mL/hr flow rate wased in subsequent experiments.

The flow rate of receptor fluid in flow-thugh diffusion cells is important to ensure that
removal of perfusate is sufficiently rapid as t@iavstasis and alterations in the diffusion
gradient through the skin. The required optimunwftate for good mixing and for removing

permeated compound is influenced by different fiscliie the solubility in receptor fluid, the
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volume of the receptor chamber, and the contaet @iréhe skin (Bronaugh, 2004). A number of
studies have shown that the flow rate can affeettro dermal absorption. For example,
Crutcher and Maibach reported that the permeatimguat of testosterone and testosterone
propionate across guinea pig skin varied with tbe rates used in their system. Where flow
rates of 0.5, 1, 2, and 4 mL/hr and 4.5Z contact area of skin were used for 24 hrs, the
experimental results showed increagpegfusatean receptor fluid as flow rate increased
(Crutcher & Maibach, 1969). This variability mag bttributed to the relative contact area of
exposed skin or the low water solubility of thempeating compound. In another study, three
flow rates (1, 5, and 40 mL/hr) were used to deteenthe suitable flow rate for flow-through
cellin vitro experiments using tritiated water permeating acrasskin. This study showed
almost identical permeation at the 5 and 40 mlLdkeg, and the absorption at the lower rate (1
mL/ hr) was not significantly different, but thenability was much greater (Bronaugh &
Stewart, 1985). The findings of the current stucdyewnot consistent with previous studies
regarding the impact of flow rate on the compouadeation across the skin in steady state
absorption, as our study found a strong negativelation between them. This difference could
be related to the high density data sets (manymtatds per unit of time at steady state
absorption), which reduce the standard errors@htkans of permeated amounts over time

points, or may be related to the solubility of gemeated compound in receptor fluid.

The rate at which receptor fluid flows througheaaptor chamber can significantly
impact dermal absorption. Ideally, the flow ratedisnust be appropriately rapid so that it does
not affect dermal absorption rates and must beladgicalibrated (Chilcott & Price, 2008). In
most studies, receptor fluid flow rates mostly mfrgm 1 to 6 mL/ hr (Crutcher & Maibach,

1969, Bronaugh & Stewart, 1984, Bronaugh & Stewk885, Sclafanet al, 1993, Squieet al,
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1997). Our findings showed that the range from& toL/hr was the appropriate flow rate to be
used in a flow-through diffusion system becausg thinge exhibited the maximum flux and low
variability at steady state dermal absorption. Tlws results are compatible with those of

earlier studies.

Flux Evaluation by MFTSand ASS

To compare the permeation flux data obtained b$ A8d data from MFTS, permeation
flux of dioxane at steady state was evaluated th bgstems. The results showed no significant
difference P = 0.73) between dioxane permeation flux obtaifipgASS and MFTS. But the
results presented a significant differene<(0.001) in variability of dioxane flux over time
between the two systems, where MFTS showed a lesséficient of variation (Table 3.2,

Figure 3.5).

Transdermal permeation experiments are tiresoroause they require around-the-clock
monitoring of the dermal absorption profile. In @igsence of an automated system, manual
sampling of the receptor solution is used to gdedtax data. In this case, regular samples are
obtained over the first 8 to 12 hours during thg, @ad then mostly at final time points taken the
following day, which generates inconsistent dathil@tt & Price, 2008). Considering this fact,
it is obvious that the use of automation systerhis type of experiment is highly advised to
facilitate obtaining accurate and consistent datagddition to save labor and costs (Cordoba-
Diaz et al, 2000). To achieve this goal, many modified autiicreampling systems have been
developed over the years (Akazaeteal, 1989, Martinet al, 1989, Hanson, 2014, Permegear,
2014). The frequent monitoring in short intervalg@ermeate transport across skin in a
diffusion cell offers an accurateeasurenment of thedermal absorption process, which can mimic

the physiological situation, especially with redpecthe dynamics associated with blood flow,
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and avoids the change of perfusate concentratioreceptor fluid over time due the

evaporation or decompositioNlértin et al, 1989) Therefore, shortening the interval time for
measuring perfusate concentration would providé dignsity data that can minimize variation

in results and offer more accuracy of interpretatibhe outcomes obtained from MFTS
demonstrate an obvious outperforming to collechignsity, consistent permeability data from

a membrane over relatively long periods of time pamed to ASS data collection. The result of
current study showed that the lag time of permgadioxane was less in present system than that
in ASS. Additionally, the coefficient of variatiaf steady state flux means was smaller in

MFTS, and that was due to the obtained high dedsity in comparison to the obtained ASS

data.

The cumulative amount of dioxane in MFTS and ASS Winear with time, following an
appropriate lag phase (Figure 3.6). The lag timg@iafane was significantly different (P <0.02)
between MFTS and ASS with values of 2.19 + 0.25268 * 0.33hr, respectively. The lesser
lag time obtained with the present method may eaddtectable earlier using ASS because of its
lesser capability to sample frequently comparetthéopresent method, suggesting an advantage
of MFTS over ASS. The aim of evaluating the lagetiim both systems was to confirm that the
duration of the experiment was sufficient for aatarassessment of steady state flux. Typically,
to achieve a constant steady state flux througmimbrane, the duration of the permeability
experiment must be at least three times the durafiche permeate lag time (Shah, 1993,
Cordoba-Diazt al, 2000). In both systems the duration of the pehiigaexperiment
exceeded three times the duration of the lag tifikeodioxane, indicating that the flux values

obtained were accurate. The lag time was 2.19 &®It# in MFTS and ASS, respectively,
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which suggested that the experimental durationlshtwave been at least 7.75 hr for accurate

assessment of steady state flux.

Effect of Donor Fluid Flow Rate on Permeability through Skin

The donor fluid flow rate of 0 (static donor chaank 2, 5, 10, 20, and 40 mL/hour were
used for the experiment (n = 5). The results exdibno significant effectA > 0.05) of the
donor fluid flow rates on the amount of permeatecane through the skin at steady state
absorption. The steady state flux of dioxane rarggdieernl2.157 + 0.907 and 12.805 +1.125
ng/ent/hr (Figure 3.7). No linear relationshipR 0.332) was found between donor fluid flow
rate andoermeating of dioxane through humsan (Figure 3.8).The cumulative amount of
dioxane in all donor fluid flow was linear with tanfollowing a suitable lag phase (Figure 3.9).

The flux between the flow rates was not signifibadifferent (P > 0.05).

Use of a flow-through diffusion cell provided dteanative approach to using a static
diffusion cell for assessing vitro dermal absorption. Where the receptor solutiowslo
underneath the membrane at a certain rate to preuiable sink conditions and minicvivo
blood circulation. This model provides significatvantages by allowing for replenishment of
the receptor fluid to maintain sink conditions dhe possibility of automatic sampling
(Bronaugh & Stewart, 1984, Bosmanal, 1996). However, in the flow through systems, the
donor compartment remained static. One of the meatrictions of this model is that the
concentration of compound in the donor compartnoantconsiderably decline over time of the
dermal absorption experiment, consequently deargdbe thermodynamic activity of the
perfusate, leading to flux that is not at a stestdye (Lestaret al, 2009). To overcome this

restriction of static donor compartments, someistidave suggested using a flow-through
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diffusion cell with flow-through capacity in botleceptor and donor compartments that can
preserve steady concentrations in the donor comgattand sink conditions in the receptor
compartment to attain accurate evaluation of stssate perfusate flux (Squiet al,, 1997,

Lestariet al, 2009).

Studies of the effect of donor flow on the permigginf compounds through a
membrane are limited. However, Lestaria and a ckerateveloped a flow-through diffusion
cell with a flow-through donor chamber for assegdhre permeability of compounds across the
buccal mucosa (Lestagt al, 2009). This flow-through diffusion cell was comga to a
modified model of Ussing’s chambers (Nicolaztal, 2003), which has a static donor
compartment, however, this study found no significdifference between the two models in the
flux of compounds through the mucosal membrane.fiftdkengs of the current study were
consistent with Lestari’s findings, in that ourults showed no significant difference in dioxane
flux through skin between the static donor chanamer the flow-through donor chamber even at
different flow rates. Although the current resudl®wed no effect of the donor flow chamber on
the compound permeability through the skin, furtstedies with different compounds, vehicles

and experimental durations may show different auies.

Advantages and Disadvantages

The objective in designing the current mdthas to develop an automated alternative for
static diffusion cells and conventional automated/fthrough methods. Therefore, experiments
could be run for a long time without requiring ihgestigator to be present. MFTS allows
replenishment of fluid in the donor and receptanpartments, which maintains sink conditions

in the receptor compartment and secures constaceatration of the compound in the donor
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fluid during the experiment. The main advantage of theeatimethod is that it can provide in
‘real time’ quantitative high density data over ¢éimbout permeation, which means a more
accurate fitting of the permeation profile. Using-R, which is fast and easy, requiring little or
no sample preparation as an analytical techniqddHmS substantially reduces the total cost of
test samples when compared to the cost of convaitiechniques like liquid scintillation

counting, HPLC, and GCMS.

Although MFTS has many advantages, there alsbraitations that may detract from its
usefulness. MFTS does not allow running multipkeglkes at the same time with one FT-IR
instrument. This limitation poses a challengeoimg duration studies involving a large number
of samples. Difficulties in obtaining a represem@&fFT-IR background and perfusate
containing a mixture of substances can affect #teation of the target compound. The
temperature of am vitro system should be controlled to maintain the tatg@iperature and
reduce variation in experimental environments (T@RB7). With Franz diffusion cells,
temperature control of receptor solution is mamgdiwith a water jacket (Franz, 1975),
whereas in Bronaugh diffusion cells, heated watanfa water bath is pumped through the
block of cells to maintain a physiological temparat(Bronaugh & Stewart, 1985). Current
experiments with MTFS were conducted to focus aigiteand were not temperature
controlled. In future studies, diffusion cells ahé donor and receptor fluid sink will be placed

in a temperature-controlled cabinet to ensure aateciemperature control.
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Conclusion

A new flow through diffusion method was diexed by modifying the Bronaugh flow-
through diffusion cell with flow capacity in bothé donor and receptor compartments and using
ATR — FT-IR as the analytical technique. The curraethod performance fam vitro
transdermal permeation was evaluated by compagnggation flux in the flow-through donor
chamber with a static donor chamber, evaluatingtfext of the receptor fluid flow rate on
dermal permeation flux, evaluating the effect & tlonor fluid flow rate on dermal permeation
flux, and comparing permeation flux data obtaingd\BS with that obtained by MFTS. It was

concluded that:

The suitable receptor fluid flow rate was rangexhfrl to 5 mL/hr, which rate can offer

the highest flux and lowest variability at steathte.

e The results presented no effect of the donor floaneber on skin permeability; however,
further studies with different compounds, vehickasg experiment durations may show

different findings.

e The current method can provide ‘real time’ quatitiehigh density permeation data

over time, which provides a more accurate fittinghe permeation profile.

e This method is easy to use, requires no sampleapn, and is low cost for

conducting transdermal absorptionvitro studies.
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e Thisin vitro model is an alternative for evaluating dermal gpison, and has the added
advantages of better maintenance of sink conditiammg control of steady donor

concentrations over time.

e In spite of some limitations, the present flow-tigb diffusion method provides
significant advantages over conventional automatethods, especially in terms of time,

effort, and acquisition of permeating data.
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Table 3.1: Effect of receptor fluid flow rate on permeating@mt of dioxane through human

skin and steady state flux variation (n =5)

Flow rate (mL/hr) Flux ( pg/cni/hr) Coefficient of variation (%)
12.674 + 0.286 1.13+0.23
5 12.172 £ 0.271 1.11 £0.19
10 11.107 £ 0.545 2.45 +£0.31
20 8.740 £ 0.648 3.73+0.39
40 7.3495 + 0.883 6.01 £ 0.57

Table 3.2: Effect of system type on permeating amount of diexéhrough human skin and

steady state flux variation (n =5)

System Flux ( pg/cni/hr) Coefficient of variation (%)
MFTS 12.295 +£0.274 1.12+£0.19
ASS 12.150 +0.879 3.82+£0.75
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Figure 3.9: Effect of donor fluid flow rate on cumulative amawi dioxane permeated through

human skin
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Chapter 4 - In vitro Evaluation of Transder mal Absor ption of 1,4
Dioxanein Human Skin and The Effects on Absorption of Sodium

Lauryl Sulphate, Ethanol, Propylene glycol, and Ethyl acetate

Abstract

Skin contact with dioxane is a potential hazardoamintered in environmental, accidental spill,
and occupational contamination scenariosimwitro dermal absorption study was carried out to
investigate the absorption of dioxane across huskan The effect of the surfactant sodium
lauryl sulphate (SLS) and solvent system wategreih(EtOH), propylene glycol (PG), and
ethyl acetate (EA) on the permeation profile ofxdie was also studied. Fourier transform-
infrared (FT-IR) spectroscopic studies were donievestigate the effect of solvents on the
biophysical properties of the stratum corneum (®G)nderstand the mechanism of permeation
alteration of dioxane by the solvent systems u$kd.absorption parameters of dioxane were
1.16 + 0.22 hr, 5.7 X It+ (0.62) cm/hr, 0.286 + 0.035 mg/éfhr, 4.8 X 10° (+ 0.32) cni/hr,

and 1.99 + 0.086 mg for lag time, permeabilly)( steady-state flux, diffusivity, and total
amount absorbed over 8 hr, respectively. The fhukk, of dioxane were found to increase as
the concentration increased up to 50% PG in watet there was no significant increase in flux
at 70% PGP < 0.05). With further increases of PG concertrato 100% dioxane fluX,
showed no significant decrease. EtOH was founddease flux an#, with an increasingf
concentration, which was greatest with 70%<(0.05). At 100% of EtOH, flux declined. There
was no significant difference between dioxane #t180%, 50%, or 100% of EtOHP & 0.05).

EA and SLS were found to increase the permeatiaiioxane across the skin. The FT-IR spectra

155



of SC treated with EA and PG showed no signifiedfegct on symmetrical or asymmetrical
vibration of the CH peak shift nor on the broadening near 2850 an® 28#. FT-IR spectra of
SC pre-treated with EtOH revealed that there wasding of peaks near 2920¢mwith

increasing EtOH concentrations. Lipid extract ppéates were detected only from SC treated
with solvent EtOH. The FT-IR spectra of the extiyaccipitates revealed that they were mostly

composed of part SC lipid.
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I ntroduction

Chemical transport through human skin can plaigrifecant role in human exposure to
potentiallytoxic substances confronted in environmental comtation, occupational, and
unintentional spill scenarios. Dermal absorption ba an important factor for systemic
toxicity, and determination of absorbed effectimeoaint is integral to human risk assessments.
The rate of dermal absorption ranges widely betwb#erent compounds, and its evaluation
depends on sufficient description and understandirige processes that affect the barrier
properties of the membrane. The stratum corneun iES&€formidable barrier to exogenous
substance absorption and water loss via skin inmarans. It is found between 15 and 20
tightly packed, flattened, and keratin-enriched @arneocyte) layers embedded in an
intercellular lipid matrix. The SC is composed dieterogeneous structure containing 20-40%
water, 20% lipids, and 40% keratinized protein (Rb&lcDougal, 2002). Partitioning into SC is
dependent on the lipophilicity of the chemicals.r®bpophilic chemicals tend to partition into
the lipid matrix, whereas more hydrophilic chemsctnd to partition into the corneocytes.
Generally, the dermal absorption of the more liplopbhemicals occurs more readily, whereas
hydrophilic chemicals are absorbed only very slo($$EPA, 1992, Wester & Maibach, 2000,
Modamioet al, 2000).

1,4-dioxane (dioxane) is a synthetic organic conmglothat is extensively used as an
industrial solvent or solvent stabilizer or is puodd as a by-product of the ethoxylation process
(Zenkeret al, 2003). This compound is considered to be car@nag test animals, is classified
as a Group B2 (probable human carcinogen) by tBeHPA, and as a group 2B (possible human

carcinogen) by the International Agency for Researt Cancer. Other harmful effects of
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dioxane in animal studies include liver and kidd@ynage in animals chronically exposed to it

by inhalation, ingestion, or dermal contact (Mehal, 2010).

The main routes of human exposure to diexae ingestion, inhalation, and dermal
contact. Exposure by ingestion mostly occurs thinotmntaminated drinking water, whereas
exposure by inhalation or dermal contact to dioxaareoccur from direct contact with the
compound in a workplace, or with products contagrits residues (a common source of
exposure by the general population). The Nati@udupational Exposure surveys have
indicated that 86,489 workers involved in handlitngnsporting, and processing dioxane,
including 30,542 women, potentially were exposeddaly to dioxane compound between 1981
and 1983 (NIOSH, 1984). According to the Consumredict Safety Commission, consumers
may be exposed to residual levels of dioxane predualiring the manufacture of cosmetic
detergents, shampoos, surfactants, and many phauntiads that contain ethoxylated
ingredients (CPSC, 2014). Polyethoxylated surfdastare usually used in the formulation of
cosmetics, products for dish washing, and detesg&nring the production of polyethoxylated
detergents by the reaction of ethylene oxide wattyfalcohols, some of ethylene oxide is
polymerized to form dioxane that can contaminagsé¢hproducts (Rastogi, 1990). The
Environmental Working Group analyzed the ingredieaft15,000 personal care and cosmetic

products reporting that 22% of these products neagdmtaminated with dioxane (EWG, 2007).

There is strong evidence that dermal exposurét@ade may cause significant skin
absorption, which may result in adverse healthoesteDermal exposure may occur from using
contaminated water during showering or bathing@mfusing consumer cosmetics, detergents,
or shampoos containing ethoxylated surfactants (A$,12012), in addition to occupational

exposure during their production or use as a solt&RC, 1999). Data on toxic effects in
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humans following dermal exposure to dioxane arg lierited. Historically, Wirth and Klimmer
reported that the application of 0.05 ml dioxan@uman skin three times within one day caused
dryness but no signs of inflammation(Wirth & Klimmé&937). In a lethal occupational case,
Johnstone described the probability that dioxammdeexposure had contributed to the liver
and kidney toxicity that the researchers observyetir{stone, 1959a). Generally, prolonged and
repeated contact with dioxane can cause skintiottaand eczema in humans (Sonneck, 1964,
Gingell et al, 1994). In laboratory animals, dermal exposure to dioxzare cause skin irritation,
liver and kidney damage, and neoplastic lesionsléyeet al, 1934, Kancet al, 2009, ASTDR,

2012).

In environmental or occuptional dermal exposuke) may be exposed to dioxane as a
single compound or in complex mixtures. Mostly, thechanism of dermal absorpion for a
single compound has been investigated and rislsassant profiles focus on the behavior of
single compounds (Bronaugh & Maibach, 1999). Thenaéabsorption profile of a compound
in a mixture may be altered due to chemical intéwas. The interactions can occur through
different mechanisms such as altering physical-otedmroperties, chemical-chemical binding
on the surface of the skin, altering permeabilityptigh the lipid pathway, or altered partitioning
into the SC (Raykaet al, 1988, KAlet al, 1990, Rosadet al, 2003). Hence, there is a need to
understand how dioxane is absorbed through humamskonly as a single chemical but also
in the presence of other environmental chemicéds,dolvents and surfactants, that are known to

impact chemical permeability in human skin.

In addition to the role of ethoxylated surfactaagsa source of dioxane impurity in many
personal products and detergents, they have effadise permeability characteristics of many

biological membranes containing skin. They can riyathie intercellular lipids or change their
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organization in SC above the level of the criticetelle concentration (CMC) (Floreneg al,
1994, Lope=zt al, 2000, Shokret al, 2001). Surfactants can also bind extensivelyGo S
intracellular keratin and alter dermal absorptigrningducing inflammation and swelling of the
epidermis (Faucher & Goddard, 1978, Black, 1998)factants can also enhance the dermal
penetration of some compounds which present im fbenulation. Hence, they have been used
to improve the permeation rates of many pharmaalst(€howhan & Pritchard, 1978, Aungst
al., 1986). However, they can also decrease the duafitihe compound available for
permeation fluid (Baynest al, 2002, van der Merwe & Riviere, 2005b) through filvenation

of micelles in the donor fluid that can affect thermodynamic activity of the diffusing

chemicals (Shokret al, 2001).

Solvents and dioxane may combine under differentitions and in different
environments. Propylene glycol (PG), ethanol (ExCind ethyl acetate (EA) are solvents
widely used by industries and may present with aiexin contaminated environments such as
chemical waste landfills and industrial wastewatfiuent. Effects of these solvents on dermal
absorption across a variety of chemicals have bdesaribed in many studies (Frieatal,

1991, Friend, 1991, Megrad al, 1995, Panchagnukt al, 2001, Baynest al, 2002). EtOH is

a common short chain alcohol employed in transdepnoalucts and topical preparations as a
co-solvent and penetration enhancer. The suggestgslin which ethanol alters the barrier
function of the skin have been reported to incladanges in SC hydration, lipid fluidization,
altered keratinized protein, lipid extraction, atsdeffects on lipid ordering (Bernet al, 1989Db,
Liu et al, 1991, Bommannaet al, 1991, Watkinsomt al, 2009). PG has been used since 1932
either as a co-solvent for poorly soluble substammrdo enhance chemical dermal absorption in

topical preparations. However, its mechanism abadh enhancing chemical transdermal
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permeation is not clearly understood (Baregtal, 1965, Ostrengat al, 1971, Hoelgaard &
Mgllgaard, 1985, Bouwstret al, 1989, Nicolazzet al, 2005). EA is an alkyl ester solvent used
in glues, nail polish removers, decaffeinatingdad coffee, and cigarettes. Friends and co-
workers have found that EA has the ability to iasetransdermal penetration of some
compounds. The mechanism of action of EA for algeskin permeability is not well understood

(Friend, 1991, Friendt al, 1991).

Studying dermal absorption of dioxane as a singmical or from solvents and
surfactant mixtures offers an opportunity to untid its risk assessment profile in possible
scenarios. This study therefore investigated tmedkabsorption profile of dioxane as a single
chemical in human skin and examined the effectliftdrent concentrations of sodium lauryl

sulphate (SLS), EtOH, PG, and EA on permeabilitgenrmatomed human skin.
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Material and Methods

Chemicals

1,4 dioxane 99.8% was purchased from ACROS Orgdiew Jersey, USA). Ethyl
acetate and sodium lauryl sulfate were obtaineah fifcsher Scientific (Fair Lawn, New Jersey,
USA). Propylene glycol and ethanol were purchdssd Sigma Aldrich (St. Louis, MO, USA).
The receptor fluid chemicals were: sodium chloidaCl) Lot No. 045779, potassium chloride
(KCI) Lot No. 076729, sodium bicarbonate (NaHCOB8} No. 073814, magnesium sulfate
(MgS04.7H20) Lot No. 060337, potassium phosphaté2lRO4) Lot No. 056327, dextrose Lot
No. 054971, and bovine serum albumin (fraction Mdalcohol precipitated) Lot No. 095503
and were obtained from Fisher Scientific (Pittsiwi@A, USA). Calcium chloride (CaCl) Lot
No. A0214153001 was obtained from Acrose OrganewNersey, USA). Levofloxacin Lot No.
0001425507 was obtained from Sigma Aldrich Chen@mal (St. Louis, MO, USA). Heparin

Lot No. 045058 was purchased from Baxter (lllinkiSA).

Receptor Fluid Preparation

The receptor fluid was designed to mimic a bloa$ima environment. It consisted of
13.78 g NaCl, 0.71 g KCl, 0.56 g CaCl2, 0.32 g.RBx, 0.58 g MgSQ.7H,0, 5.50 g NaHC@)
2.40 g dextrose, 90.0 g bovine serum albumin, 4awgfloxacin, and 10 mL heparin, to which
distilled water was added to attain a total volwh@ L of fluid. The fluid was left on a magnetic
for several hours until all components were dissdland then decanted into 1L bottles, labeled,

and placed in a freezer until used.
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Skin Preparation

Human skin was donated under conditions of infatim@nsent as set forth in the Federal
Policy for the Protection of Human Subjects, 45 CGFERL16-117, and with approval of the
Institutional Review Board for Kansas State Uniitgr@proposal number 4206).

Human skin of the abdominal region was obtainethfevhite-skinned females who had
undergone tummy tuck surgery (Manhattan Surgicagdital, Manhattan, KS). The skin was
dermatomed (Padgett Model S dermatome, Integré&tignces Corp., Plainsboro, NJ, USA) to
0.5 mm thickness and stored at —20°C until useth{wino more 2 months). Thereafter,
dermatomed skins were thawed at room temperatu@Ofain and cut into disks. Skin disks

were mounted in a flow-through diffusion cell systeith exposed skin surface areas of f.cm
Per meability

The modified flow-through diffusion cell systemhieh is described in chapter 3, was
used to determine the permeability of dioxane tghothe skin. A human skin disk was mounted
on the diffusion cell with an exposed surface ahic50 mg/ml of dioxane in solution was
applied to the SC side in an occluded donor chanilber solutions used were:

- Pure water

- Aqueous solution of 10%, 30%, 50%, 70%, and 100&-EtPG, and EA (v/v)

- Aqueous SLS of 1%, 2%, 5%, 7%. and 10% (w/w)
The receptosolutions were perfused at a 2 ml/héaow rate with infinite sink conditions and a
concentration gradient across the skin maintaifbd.skin was exposed to the test formulations

over periods of 8 and 15 hours at room temperature.
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To determine the amount of dioxane permeatingugindhe skin, the IR adsorption
spectra at time intervals were obtained. The a#temlitotal reflectance IR spectrum of effluent
from the receptor compartment was measured usieguatted total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) with a Thermo-Netd=T-IR spectrometer, model 6700, and
GladiATR vision unit (PIKE Technologies, Inc. WIS4). The OMNIC FT-IR software
program is used in the FT-IR system. Absorbancetsp&ere measured over the wave number
range of 4000—400 crhwith a spectral resolution of 4 mThe IR absorption spectra for
dioxane in solution were obtained at various tinfdéese spectra were analyzed using the C-0O
vibration band. The selected peak region for olitgithe integrated absorbance was 1105.2—
1160.2 cnit. The crystal aperture surface was cleaned witthalcand dried, and an uncovered
crystal background was run prior to scanning ofdhi@ple sets. Using the continuous flow
measuring method, a macro was created with the @MWcros application to measure

absorbance every 6 minutes.

FT-IR Analysisof SC

Human SC sheets were dried at room temperatu@4fbours and thereafter in a
desiccator for 24 hours. The dried SC sheets wsed for lipid order evaluation. FT-IR analysis
of SC was based on the procedures used in presiadges described by (Panchagretial,

2001) and (Levangt al, 1999). Circular SC samples (24 mm diameter) wergsored from the
dried sheets for each experiment (n = 5). The sasnwkre immersed for 12 hours in 5 ml of
solvent with and without 50mg/ml dioxane in cap@@dml vials. The solvents used were: (i)
pure water; (ii) aqueous SLS (2 mg / ml); and @) aqueous solution of 0% (control), 10%,

30%, 50%, 70%, and 100% of EtOH, PG, and EA. Teéatéd samples were washed with water
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and gently blotted on Kimwig¥. They were then mounted in a demountable FT-IRdigell
and scanned with FT-IR (Thermo-Nicolet FT-IR spewteter, model 6700) to obtain
transmission spectra in the range of 3000 — 1008 dinereafter, the samples were dried in a
desiccator for 24 hours at room temperature andngchagain with FT-IR. The transmission

spectra were compared with the respective scamsebgbatment.

Dried SC was prepared as mentioned above for éipichction. SC samples (n = 5)
weighting 60-80 mg were placed for 24 hours in egpyals with5 ml of water, 50% (v/v) of
aqueous EtOH, aqueous PG, aqueous EA, and 100%#f, PG, and EA. Then, each SC
sample was removed from the vials, blotted on Kipeht, placed in a desiccator for 48 hours
for drying, and weighed once more. The solventseves@aporated by nitrogen gas using a Temp-
Block module heater (Lab-Line Instruments Inc, Ms# Park, IL, USA) at 50°C and the
precipitated lipid was re-dissolved in 0.5 ml carltetrachloride. A drop of the re-dissolved
precipitate solution was spread on a KBr cryst&i(RCT POL., International crystal labs,
Garfield, NJ, USA). The spread drop was left toporate at room temperature. Then, the FT-IR
transmission spectra were recorded in the rang@@® — 1000 ci (van der Merwe & Riviere,

2005a).

FT-IR peaks near 2850 and 2920 twere used to indicate symmetric and asymmetric
absorbance, respectively, associated with methydem#p (H-C-H) stretching. Peaks around
2960 cni indicated absorbance due to asymmetric vibratisnaated with the CH3 group

(Potts & Francoeur, 1993)
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Data Analysis

Data were analyzed by calculating both fleng/cnf/h) and cumulative penetration

(mg/cnf). The steady state flud{) was calculated using the following equation:
Jss= AQ [ A* At

Where AQ) is the amount of compound permeating the skimduime (At) and (A) is the
diffusional area (1 ch). The amount of dioxane passing through the &lsthamber over each
time interval was calculated multiplying the measliconcentration by the volume of receptor
solution inside test cell chamber (100 uL) overtithee interval. The lag time for dioxane was
estimated by extrapolating the linear part of taenpeability curve and assigning its intercept on
the time axis. This was assigned to confirm thatdtiration of the permeability experiment was
long enough to offer an accurate evaluation ofsteady state flux, as the length of the
experiment must typically be three times the doratf the lag time (Shah, 1993). Absorption
was defined as the total quantity (mg) of dioxaatedted in the perfusate (receptor fluid) for the

entire 8 hr perfusion period.
Permeability coefficient values (cm/hr) were céed using the following equation:
Kp=Jss/ Cy

Where K)) is the permeability coefficiendssis steady state flux (mg/ch), andCq g /ml)is
the concentration in the donor chamber. Diffusiyitg?/h) was calculated using the following

equation:
D = X?/ 6t

166



Where D is the diffusion coefficient, X is skinc¢kness (50@um), andr is the lag time.

Statistical analysis of permeability constantadiestate fluxJsg, diffusion coefficient
(Kp), and absorption data were performed using anslybeariance (ANOVAS) to assess the
significance of differences in means between grotipe Tukey’s Multiple Comparison Method
was used to compare the means. All data obtaireedrasented as mean (x SEM), unless
otherwise stated. All statements of significandéedence were based on a 95% confidence (P <
0.05) level. All analyses were carried out usingitéib for Windows software (version 16.1.1,

Minitab Inc., PA, USA - 2010)
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Results and Discussion

Dioxane Der mal Per meation Profile

The dermal absorption of dioxane in human skin eetermined after application of an
agueous solution of dioxane (50 mg/ml). The transdéflux of dioxane is plotted versus time
in figure 1. The maximum dioxane flux was attaidiger 4 hours of permeation and continued

at a steady level for the duration of the expering&h hr).

Plots of the cumulative penetration of dioxane (Fég2) showed that the lag time was 1.16 +
0.22 hr. The meaK, value (+ SEM) at room temperature for skin to dio& was 5.7 X 16+
(0.62) cm/hr. The steady state fluky of dioxane through human SC was 0.286 + 0.035
mg/cnf/hr. Diffusivity of dioxane in human SC was 4.8 B°(+ 0.32) cni/hr. The cumulative

amount of dioxane absorbed through human SC ohemé&s 1.99 + 0.086 mg.

Although dermal absorption of dioxane has beersidaned as a possible exposure route
in several cases of human fatalities following sterm exposure, data on the absorption of
dioxane in humans following dermal exposure arédichand insufficient to create a
comprehensive understanding about its behavidkim 1 anin vitro a study with excised
human skin to investigate the ability of radiolasktlioxane('C-1,4-dioxane) to permeate, it
was found that there were significant differencedioxane ability to penetrate the skin under
occluded and non-occluded conditions. Where theadie penetration was ten times greater
under occluded conditions (3.2%) than under unasdwonditions (0.30%) for 3.5 hr, these
differences were attributed to the evaporationiokane after application to the skin surface

(Bronaugh, 1982b). Therefore, conductingramitro dermal absorption of dioxane experiment
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in occluded conditions controlling the alteratidrttee compound dose in the donor chamber

would offer consistent permeation data.

The results of dermal absorption parameters faxahe obtained from empirical studies
or derived from previous formulae have been vaaied inconsistent. The Bronaugh study
(Bronaugh, 1982b) showed that the transdermal fltalioxane from water in human skin
were very low (0.36 + 0.08g /cnf/hr). In another study also done with excised husian, the
results showed that the flux was very high (126388ug /cnf/hr) in a 4-hr experiment. In this
study the total penetrated amount of dioxane was\ary high ranging from 3.629- 4.481
mg/cnf/4 hr (Dennerleiret al, 2013), whereas the National Industrial Chemibkdsfication
and Assessment Scheme (NICNAS) used the Potts apdo@nula (Potts & Guy, 1992) to
calculate the dioxane flux value to be approxinyaeB mg/cmvhr (NICNAS, 1998). The flux
value (0.286 + 0.035 mg/cfhr) in our study was similar to that calculatedNICNAS. Kpis
an empirically measured parameter describing tta barrier property of a membrane. It can be
calculated undean vitro empirical conditions or estimated framvivo data by fitting suitable
variables into pharmacokinetic models. Where degaresufficient,K, can be evaluated from
suitable physical property-permeability relatiopsh{(USEPA, 1992). Dioxart&, of 4.3 x 10*
cm/hr was measured in water for the occluded tetem, and this value was classified as
intermediate, below the average speed of penatr@@mnaugh, 1982b). This value is close to
that estimated for dioxane using the formula ohRlyFlynn, 1990) or Potts and Guy (Potts &
Guy, 1992). The estimated}, value was 3.4 x IHcm/hr according to Flynn's formula (VCCEP,
2007b), while it was 3.0 x Z0cm/hr according to the equation of Potts and GUZNAS,

1998). TheK,, value of the current study (5.7 X418 0.62 cm/hr) was within the range of
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intermediate (below average) speed penetratiorghwigisult was consistent with both previously

measured and estimated values.

Lag time is the time taken to attain steady-statglitions under infinite dose conditions.
Lag time of dioxane dermal absorption has beenrtegan only a few studies. Dennerlein and
coworkers reported that on excised fresh and freremred human skin, the lag time of dioxane
ranged between 0.74 and 0.85 hr (Dennegéim, 2013), whereas the value of 0.3 hr was
predicted by U.S. EPA based on the Potts and Guyuia (USEPA, 1992). The lag time of
dioxane dermal absorption in the current study aviigle different from that in the Dennerlein
et al. study. Since the lag time is derived from a cwithe cumulative absorbed amount and
time, it is the intercept of the tangent of theeln part of the absorption profile with the x-axis
(USEPA, 1992). The linear part of the cumulative@abed dose in the Dennerlahal. graph
was created from 4 points, while the linear paun graph was created from 64 points. This

may explain the tendency of the line to slope amthiercept with x-axis.

Effect of Solvents on Dioxane Dermal Absor ption

The effect of solvent systems on thevitro dermal absorption of dioxane across human
SC is shown in table 4.1. The flux of dioxane (& €ombinations was found to increase up to
50% PG in water. There was no significant increagkix at 70% PGR < 0.05), and further
increases of PG concentration to 100% dioxaneghowed no significant decrease. The flux of
dioxane in 10% and 100% PG was not significanttiedent P > 0.05) from 0% PG (control).
Dioxane absorption over the entire 8-hr perfusioRG combinations showed a significant

increaseR < 0.05) in 30% and up to 100% PG from the conffbk lag time of dioxane in PG
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concentrations was found to be not significantedent @ > 0.05) from that of the control in
10%, 30%, and 50%, and with further increases ofd®8B0%, there was a significant increase

(P < 0.05) from that of the control in lag time obgane (Table 4.1, Group A).

The flux of dioxane in EtOH concentrations preedrd significant increase from that of
the control and was greatest with 7096 0.05). At 100% of EtOH, flux declined, and there
was no significant difference between dioxane &t80%, 50%, or 100% of EtOHP & 0.05).
Dioxane absorption over the entire 8-hr perfusio&iOH combinations was found to increase
significantly P < 0.05) with the EtOH concentration increasinga@0% and declining at
100% of EtOH. No significant difference was fouretkeen EtOH combinations in dioxane lag

time (Table 4.1, Group B).

The flux of dioxane in the EA group showed a digaint difference R < 0.05) with the
control and with flux of EA concentrations at > 30Béoxane absorption over the entire 8-hr
perfusion in the EA group showed a significant @ase at 30% EA concentration and above;
there was no significant difference between dioXaineat 50%, 70%, and 100% of ER ¢
0.05). The dioxane lag time of the EA group wasfbto be differentR < 0.05) from the

control at 30% EA concentration and higher (Table &roup C).

Although studies of skin absorption of compounasfwater are usually used to assess
risk from dermal exposure, chemical mixtures stsidiedermal exposure are also important to
predict risk in many exposure scenarios, and inyaisons of the effects of solvents on
processes that influence skin absorption can peopbropriate data for risk assessment
profiles. Data on the effects of solvents on diexdarmal absorption are not available. Most

organic solvents have been reported in the liteeatube a skin penetration enhancer for wide
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range of chemicals. In the current study, the tesllowed that the PG solvent enhanced
dioxane permeation across the human SC at a >3@&entration. The mechanism of action of
PG in promoting chemical penetration through skinat clearly understood. Its action has
been described in most of the literature as basde® co-solvency action, where
thermodynamic activity is considered as the printarying force (Barry, 1983), and also on its
possible carrier effect (as a carrier-solvent), HeG partitions into the skin and thereafter
induce the mobility of the chemical into and thrbuge skin (Hoelgaard & Mgllgaard, 1985).
Ostrenga and coworkers observed in a study ofidtpeymeability in human skin that treating
skin with 100% PG resulted in losing the elastiatyhe skin and attributed this influence to
dehydration (Ostrengat al, 1971). Others studied the effects of PG on depeaaheation using
differential thermal analysis. In their findinghety showed that PG treatment decreased the
hydration of skin (Bouwstrat al, 1989). The increase in dioxane permeation witiareasing
concentration of PG in water may be related toatemms in the dehydration of SC at various
concentrations of PG. However, the influence oingjgain the thermodynamic activity as a result
of change in the co-solvent concentration cannatifregarded. The decrease of SC weight after
treatment with different concentrations of PG inevaip to 15% may support this speculation.
Maximum lag time was observed with PG at 70% cotreéion. This may be related to an
increase in the tortuosity of skin by dehydratidé/®€, which results in increased diffusional

path length (Ostrengat al, 1971).

The effect of EtOH on dermal absorption has begastigated extensively and various
mechanisms have been suggested to describe g actiskin. In a humain vivo study,
Bommannan and coworkers found that EtOH promotespmmeability by removing

measurable quantities of the lipid barrier materain the SC. This lipid extraction may
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decrease the skin barrier function resulting iméased membrane permeability, which may
explain the influence of EtOH as a dermal penana¢inhancer (Bommannatal, 1991). In
another study, the researchers remarked that tiheepéion enhancement may result not only
from lipid extraction but also from skin proteimsthe presence of agueous EtOH (Goates &
Knutson, 1994). Accordingly, the mechanism of Et@dH dermal permeation enhancer was
described as a so-called “pull” or “drag” effectwhich permeation of chemical molecules is
increased due to a reduction in the membrane bamoperty of SC by EtOH. Kadir and
workers attributed the enhancing effect of EtOHskim penetration to the increase in
thermodynamic activity due to evaporation, whicknewn as the “push effect” (Kadat al,
1987). Other studies attribute the effect of EtQHs&in permeation to its ability as a pure
solvent or aqueous solution to modify the barnarction of the skin by a number of
mechanisms such as lipid extraction and the effgdipid ordering (Kurihara-Bergstromt al,
1990, Bommannaat al, 1991, Goates & Knutson, 1994), and also its éfiackeratin (Berner

et al, 1989a, Kurihara-Bergstroet al, 1990). The EtOH concentration dependent effest ha
been reported in many studies, and it has beenlptst that, at low concentration of EtOH (less
than 33%), it effects only the lipoidal pathway daencreased lipid fluidity especially near the
polar interface, whereas higher concentrationscetfee lipoidal and polar pathways (Bereer

al., 1989a, Ghanermat al, 1992). Results from the current study showeddiatane flux, K
andabsorption amount were increased at a concentraBofo EtOH P < 0.05). Dioxane has
amphiphilic properties, allowing complete miscityilin both water and organic solvents. Its flux
with 100% EtOH was found to be less than that 8b#1OH (P < 0.05). This may be attributed
to stabilization of the gel phase of the lipid gdaat 100% of EtOH resulting in rigidization of

the lipid bilayer (Rowe, 1983).
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Very limited studies have investigated the eftfdEA on skin penetration. Its
mechanism of action is not clearly understood. $tualy of rabbit skin to evaluate the dermal
permeation of levonorgestrel with EA and EtOH asi$dermal enhancers, the findings showed
that the use of the molecule in transdermal patelassassociated with irritation and erythema
(Friendet al, 1991). Catz and Friend investigated the effestanious co-solvents on EA
enhanced percutaneous absorption of levonorgesirgd excised hairless mouse skin finding
that the pure EA or a mixture of EA with EtOH inased the dermal steady-state flux and the
diffusivity of levonorgestrel relative to the waigatz & Friend, 1990). The findings of our
study showed a significant increase of dioxane déparmeation with EA in water at a
concentration over 30%. The FT-IR spectra of teated SC with EA showed no change in peak
symmetrical or asymmetrical vibration of @Hherefore, explaining the mechanism of EA
effect on dioxane dermal permeation is difficulhellag time was found to increase with an
increasing PG concentration, which may be due ito édéhydration that will also increase the
tortuosity of skin and thereafter the results far increased diffusional path length (Ostreega

al., 1971)

In the FT-IR studies on SC, it was found thateheas no significant effect of EA and
PG on the symmetrical or asymmetrical vibrationhef CH peak shift or broadening near 2850
and 2920 cril at the concentrations studied and also of the &tk around 2960 ch{Figures
3 and 4). The FT-IR spectra of SC in the EtOH grayealed that there was boarding of peaks
near 2920cm with increasing EtOH concentrations (Figure 5)e Tteatment of SC with water
and solvents for 24 hr showed that there was nofgignt change in mass after treatment with
water, but there was an increasing loss of SC midsistreatment with 50% and 100% of solvent

(Figure 6). Lipid extract precipitates were detdadaly from SC treated with solvent EtOH. The
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FT-IR spectra of the extract precipitates reve#had they were mostly composed of the SC lipid

part (Figure 7).

The biophysical changes in the lipid bilayer of &€&r treatment with solvents can be
investigated with FT-IR spectroscopy. The SC hasvater content and its lipids are ordered
into bilayers. The lipid bilayers exist either igal state (ordered) or a fluidized state. FT-IR
spectra of lipid bilayers demonstrate typical IR@ibance patterns in the 3000—2800"cm
region that are associated with H-C—H vibrationatles (Parker, 1983). Alteration of the lipid
bilayer structures results in changes of the aligorgpectra of IR that are passed through or
reflected off the SC (Mooret al, 1997). Of particular interest in this context tive IR
absorbance regions around 2850 and 2928 mievant to symmetric and asymmetric methylene
groups H-C-H stretching successively (Potts & Fomoe, 1993). Chisymmetric and
asymmetric stretching bands are sensitive to khgll chain conformation in addition to
torsional and librational mobility reflecting thbanges in the trans to gauche ratio in acyl chains
(Mautoneet al, 1987). Shifts to a higher wave number of peaksiadl 2854 cril and 2925 cif
point out a reduced order in a lipid membrane dugetviations in the mobility of lipid acyl
chains (Vaddet al, 2002). On the other hand, increased broadenipgaks at 2850 and 2920
Cm’is an indication of increased translational movenoe mobility of lipid acyl chains (Naik
& Guy, 1997). Wide variability between SC sampleswbserved in the current study, and this
is due to inconsistency in SC thickness and vdriglim lipid combination. But the pattern of
solvent-caused changes was symmetric when singiplea were matched before and after
treatment. In the FT-IR spectra of SC treated &ifDH, it was found that there was broadening
of peaks at 2920 chregion with increasing concentration of EtOH. Timidicates that EtOH

reduces the lipid order due to increasing rotatitne@dom of lipid acyl chains leading to an
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increase in the fluidity of the lipid bilayer. Anldis may be explained by lipid extraction with
EtOH treatment, where lipid extraction resultslter@d IR absorbance due to Ggtoups in
the 3000—2800 cthregion. Lipid extraction could also change thedipomposition and

solvation properties of the SC lipids.

Effect of SLS on Dioxane Dermal Absorption

The permeation parameters of various SLS cond@risaon than vitro skin absorption
of dioxane in human SC are shown in Table 4.2. fltheof dioxane was found to increase with
the concentration increasing up to 5% SLS in waldrere was no significant increase in flux at
7% SLS P < 0.05), and with further increases of SLS coneiuin to 10% dioxane, the flux
showed no significant decrease. In SLS combinatidiaxane absorption over the entire 8-hr
perfusion K, and diffusivity showed a significant increage<0.05) in 1% and up to 10% SLS
from the control. The lag time of dioxane in SLSicentrations was found to be not
significantly different P > 0.05) from control. Figure 4.8 shows the pernoegprofiles of

dioxane in the presence of various concentrati®i®.8 through human SC.

Dioxane is produced as a by-product durimgsthifonation reaction with alcohol
ethoxylates, a process used to produce surfadgtaata/ide range of soaps and detergents.
Therefore, dioxane may be formed as a by-produtadtions based on condensing ethylene
oxide or ethylene glycol during the production tifaxylated SLS from SLS to reduce its
abrasiveness and enhance its foaming propertieexfdated SLS is a component of anionic
surfactant in detergents, shampoos, toothpastdsgkss, bubble baths, and industrial
degreasants (Molat al, 2010). It is likely that there is human skin egpre to dioxane with

surfactants such as ethoxylated SLS whenever carsumse products like shampoo, detergents,
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soaps, dishwashing liquids, and other cosmeticymtsd Therefore, mixture-studies of dioxane
with surfactants are of interest in the field skrassessment because they provide reliable data

relating to common dermal exposure scenarios.

It is well known that anionic surfactants suctSas$ or ethoxylated SLS have effects on
the permeability characteristics of many biologitembranes, including skin (Floreneteal,
1994, Lope=t al, 2000). It has been reported that SLS can pepdtnatskin and interact
strongly resulting in large changes in its barpesperties (Walters, 1989, Let al, 1994)
including both the keratin and lipid componentsi¢ee & Rhein, 1997). SLS interaction with
keratin occurs between the anionic head groupghtendationic sites of the proteins, which
induces strong hydrophobic interactions between @bfcules and the protein that may result
in protein denaturation (Somasundaran & Hubbar@6200ut of skin, SLS can promote the
dissolution of the proteins leading to releaseutthydryl groups from the sclera proteins and
then react upon various enzymes of skin and eviytenature the skin (Gloxhuber &
Kunstler, 1992). SLS has also an ability to calusmgations in the structural organization of lipid
bilayers when it is used above the critical migetlancentration (Ribauet al, 1994). It has
been found that SLS increases penetration intskimeby increasing the fluidity of epidermal
lipids (Somasundaran & Hubbard, 2006). The effé8ld on the dermal permeation has been
found to depend on the lipophilicity of the compduNielsen studied the effect of SLSion
vitro dermal permeation of a number of pesticides vgryiripophilicity across skin that was
treated with two concentrations of SLS (0.1% ar&¥%€).for three hr. The findings of this study
indicated that the dermal permeation of more hydil@ppenetrants was effected more. The
lipophilic compounds with lodk,n > 3 exhibited a slighthcrease in their permeation through

the SLS pretreated skin, while for less lipophé@npounds (lodlow 0f 0.7 and 1.7), the
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permeation increased twofold (Nielsen, 2005). Bgly’s findings were in agreement with a
previous study conducted by Borras-Blasco and ckeverin 1997. It is noteworthy that the
Borras-Blasceet al. study investigated the effect of SLSiarvitro dermal absorption across rat
skin of a number of compounds with lipophilicitylwes ranging from logow = -0.95 to 4.42.
They reported that the SLS surfactant was abl@lamce the permeation rates of compounds
that possess lipophilicity values less than théon lipophilicity value (logKow< 3), but do
not affect compounds with ld§.,, > 3 (Borras-Blascet al, 1997). Dioxane has a ldg

value of about -0.27, and the effect of SLS obs#mehe current study was similar to that
reported for other hydrophilic compounds in othtedges (Borras-Blascet al, 1997,
Nokhodchiet al, 2003, Nielsen, 2005, Jakastaal, 2006). This may be explained by fact that
for compounds with a lipophilicity value less thag K., = 3 like dioxane, the compound may
be controlled by diffusion through the lipid bilagewhich is rate controlling. When SLS
disorders the lipid bilayers, the diffusion coeiffiat increases, and consequently the flux
increases, as was observed in our study. The emgagifect of SLS on dioxane dermal
permeation may also be attributed to other mech@s)jisshere SLS could involve the
hydrophobic interaction of the SLS alkyl chain witfe skin structure that leaves the end
sulphate group of SLS exposed, forming more sitdbe skin, which permits an increase in

dermal hydration (Gibson & Teall, 1983, Rheinal, 1986).
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Conclusion

This study investigated the dermal absorptionilgraff dioxane in human skin and
demonstrated the effect of solvents and surfactam{grocesses that control the rate of skin
permeation. The investigation of dermal absorppiost exposure to dioxane as a single
penetrant or in chemical mixtures provides appadprdata for risk assessment profiles and
helps to predict risk in many exposure scenaribes€ dermal absorption studies demonstrated

that:

The dermal absorption of agueous mixtures of diexawitro in human skin is
significantly greater than previously reported (Baagh, 1982b), and that its transport

can be affected by the composition of the mixtumaponents.

The presence of a surfactant like SLS in chemidatures enhances the dermal

absorption of dioxane.

The presence of solvents in chemical mixtures parease the dermal absorption of
dioxane at a concentration > 30% in water. EtOH fwasd to have the greatest ability

to increase the dermal permeation of dioxane inpaomeon to that of PG and EA.

EtOH can extract lipids from SC and alter its pmips, which may influence rates of

penetration through the skin.
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Table 4.1: Dioxane skin permeation parameters in presencardws solvents concentrations in

water (% Vv/v)

Solvent

cone. in Lagtime Flu>§ Absor ption Per meability Diffuzsivity
water (hr) (mg/cm®/hr) (mg) (cm/hr) (Cm?/hr)
Group A

EtOH 0% 1.16 +0.22 0.286+0.035 1.99+0.086 57X 10°+(0.62) 4.3X 10+ (0.71)
EtOH 10%  1.15+0.25 0.374+0.048 245+0.192 75X 10°+(0.83) 4.8X 10+ (0.83)
EtOH30%  1.05+0.28 0.533+0.069 2.72+0.218 10.6 X10'+(0.89) 4.4 X 16  (0.66)
EtOH50%  0.92+0.21 0.756+0.112 3.78+0.256 15.1X10'+(1.22) 3.8 X 106+ (0.65)
EtOH70%  0.79+0.19 0.992+0.101 452+0.133 19.8X10°+(1.69) 3.3 X 10 (0.48)
EtOH 100% 1.18+0.33 0.781+0.181 4.06+0.11f 156X 10°+(1.56) 4.9 X 10+ (0.91)
Group B

PG 0% 1.16 +0.22 0.286+0.035 1.99+0.086 5.7X10°%(0.62) 4.3X 10+ (0.71)
PG 10% 1.22+0.38 0.211+0.076 2.16+0.16F 42X10°+(0.71) 5.1X 10+ (1.13)
PG 30% 1.35+0.4% 0.385+0.042 259+0203 7.7X10%+(0.44) 5.6 X 16+ (0.95)
PG 50% 1.71+0.3% 0.478+0.05F 2.92+0283 9.6X10%+(0.92) 7.1X 16+ (0.88)
PG 70% 2.06+0.47 0.03+0.039 3.31+0.155 9.8X10*+(1.13) 8.6X 10+ (1.52)
PG 100% 1.93+031 0.6+0.012° 2.85+0.18F 7.9X10°+(0.36) 8.0X 10+ (1.18)
Group C

EA 0% 1.16 £+0.22 0.286+0.038 1.99+0.088 57X 10°+(0.62) 4.3X 10 (0.71)
EA 10% 1.52+0.36° 0.312+0.039 1.88+0.093 6.2X10°+(0.49) 6.3X10+(1.32)
EA 30% 1.69+0.18 0.393+0.062 2.26+0.131 7.9X10°+(0.73) 7.0 X 10 + (0.56)
EA 50% 2.62+0.43 0.431+0.076 267+0.109 86X 10°+(1.51) 10.9 X 18+ (0.87)
EA 70% 256 +0.52 0.422+0.088 2.79+0.23%9 8.4X10*+(1.38) 10.7 X189+ (0.32)
EA 100% 218+061 0.416+0.098 265+0211 83X10°+(1.21) 9.1X16+(1.18)

Within column different superscript letters aretistically significant P < 0.05. (n =5)
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Table 4.2: Dioxane skin permeation parameters in presencaradws sodium lauryl sulphate

concentrations in water (% w/w)

SL Sconc. La?htri)m € Flux (mg/cm?hr) Abs(cr)rr]g)t on Per(ane/a;]bri)lity [()gmzs}'ﬁr'?
0% 1.16+0.22  0.286+0.03%5 1.99+0.088 57X 10°+(0.62) 4.3X16+(0.71)
1% 1.37+0.33 0.393+0.048 2.85+0.182 7.8X10°+(0.75) 5.7 X106+ (0.82)
2% 155+0.38 0.426+0.029 3.34+0.121 85X 10°+(0.49) 6.4X 16+ (0.94)
5% 1.34+0.25 0.619+0.041 395+0.132 12.4X10°+(0.81) 5.5X 16+ (0.93)
7% 1.51+0.41  0.551+0.065 3.82+0.11% 11.0X10'+(0.74) 6.2 X 16+ (1.28)
10% 1.42+053 0.533+0.052 3.12+0.108 10.7 X10°+(0.59) 5.9 X 10 + (0.89)

Within column different superscript letters aretistically significant P < 0.05. (n =5)
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Figure 4.1: Flux of dioxane across human stratum corneum (n =5)
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Figure 4.2: Cumulative absorption versus time plot for diox&wing topical application to
human stratum cornem in vitro flow-through diffusion cells. The best- fitted

straight line was used to calculate the steadg $at (n =5)
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Figure 4.3: FT-IR absorbance spectra of human stratum corrifore (a) and after
12 hr exposure to water (b) 10% Propylene glycpB@26 Propylene glycol
(d) 50% Propylene glycol (e) 70% Propylene glyéplLlp0% Propylene
glycol (g)
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Figure4.4: FT-IR absorbance spectra of human stratum cornezford(a) and after
12 hr exposure to water (b) 10% ethyl acetate Q&) &thyl acetate (d)
50% ethyl acetate (e) 70% ethyl acetate (f) 1009l etcetate (Q)
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Figure4.5: FT-IR absorbance spectra of human stratum corneaford(a) and after 12 hr
exposure to water (b) 10% ethanol (c) 30% ethahdb(% ethanol (e) 70%
ethanol(f) 100% ethanol (g)
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Figure 4.6: Percentage stratum corneum weight loss after 2«thaction using water, 50%, and
100 % solvents (n =5)
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Figure4.7: FT-IR absorbance spectra of typical stratum cornaadhthe precipitate from
ethanol extract of stratum corneum. The peaks 12800 crit and 3000 c are

due to IR absorbance at H-C-H bonds

184



45
——0% —0—1% —W-2%
—&—5% —@7% ——10%
=
=
bh
£
=
3
[N
Time (hr)
Figure 4.8: The effect of sodium lauryl sulphate concentrationghein vitro cumulative

permeation of dioxane through human stratum corn@unb)

185



References

ASTDR, 2012: Toxicological Profile for 1,4-Dioxand.S. Department of Health and Human
Services Public Health Service, Agency for Toxib§&ances and Disease Registry.,
http://www.atsdr.cdc.gov/toxprofiles/tp187.pdf

Aungst, B. J., N. J. Rogers and E. Shefter, 198&aBcement of naloxon penetration through
human skinin vitro using fatty acids, fatty alcohols, surfactant$fosides and amides. J.
Pharm, 33, 225-234.

Barrett, C. W., J. W. Hadgraft, G. A. Caron an8drkany, 1965: The effect of particle size and
vehicle on the percutaneous absorption of fluocnelacetonide. The British journal of
dermatology, 77, 576-578.

Barry, B. W., 1983: Properties that influencegoéaneous absorprtion. In: Barry, B.W. (Ed.),
Dermatological Formu lations. Marcel Dekker, Néark pp. 127-233.

Baynes, R. E., J. D. Brooks, M. Mumtaz and J. idRe, 2002: Effect of chemical interactions
in pentachlorophenol mixtures on skin and membtearesport. Toxicological sciences :
an official journal of the Society of Toxicology96295-305.

Berner, B., R. H. Juang and G. C. Mazzenga, 1988&nol and water sorption into stratum
corneum and model systems. Journal of pharmacéstemces, 78, 472-476.

Berner, B., G. C. Mazzenga, J. H. Otte, R. J. 8tsff R. H. Juang and C. D. Ebert, 1989b:
Ethanol: water mutually enhanced transdermal thearidgpsystem II: skin permeation of
ethanol and nitroglycerin. Journal of pharmaceliscegences, 78, 402-407.

Black, J. G., 1993: Interactions between anaionitastants and skin. in Pharmaceutical Skin
Pentration Enhancement (K. A. Walter and J. Hadgds). Marcel Dekker, New York.
pp. 145-173.

Bommannan, D., R. O. Potts and R. H. Guy, 1991 ntimation of the effect of ethanol on
human stratum corneum in vivo using infrared spsciopy. Journal of Controlled
Release, 16, 299-304.

Borréas-Blasco, J., A. Lopez, M. J. Morant, O. Diez-Sales and M. Herréez-Dominguez, 1997:
Influence of sodium lauryl sulphate on tihevitro percutaneous absorption of
compounds with different lipophilicity. Europeanudnal of Pharmaceutical Sciences, 5,
15-22.

Bouwstra, J. A., L. J. C. Peschier, J. Brusseetarte. Boddé, 1989: Effect of N-

alkylazocycloheptan-2-ones including azone on lieenhal behaviour of human stratum
corneum. Int. J. Pharm, 52, 47-54.

186



Bronaugh, R. L., 1982: Percutaneous absorptiomsinetic ingredients. Principles of Cosmetics
for the Dermatologist 1982 Edited by P Frost, SNwtz. St. Louis, CV Mosby. pp.
277-284.

Bronaugh, R. L. and H. I. Maibach, 1999: Percutasedbsorption: Drugs--Cosmetics--
Mechanisms--Methodology: Drugs--Cosmetics--MechasisMethodology, Third
Edition. Taylor & Francis.

Catz, P. and D. R. Friend, 1990: Effect of cosolsem ethyl acetate enhanced percutaneous
absorption of levonorgestrel. Journal of ControRelease, 12, 171-180.

Chowhan, Z. T. and R. Pritchard, 1978: Effect afattants on percutaneous absorption of
naproxen |: comparisons of rabbit, rat, and humanised skin. Journal of
pharmaceutical sciences, 67, 1272-1274.

CPSC, 2014: Consumer Product Safety Commissip.//www.cpsc.goaccessed
04.12.2014).

Dennerlein, K., D. Schneider, T. Goen, K. H. SatralH. Drexler and G. Korinth, 2013: Studies
on percutaneous penetration of chemicals - Implastooage conditions for excised
human skin. Toxicologyn vitro : an international journal published in assocratioth
BIBRA, 27, 708-713.

EWG, 2007: Environmental Working Group. EWG reskaitows 22 percent of all cosmetics
may be contaminated with cancer-causing imputityp://www.ewg.org/news/news-
releases/2007/02/08/ewg-research-shows-22-pertiezismetics-may-be-
contaminated-cancéfaccessed 04.12.2014).

Fairley, A., E. C. Linton and A. H. Ford-Moore, @3 he toxicity to animals of 1,4-dioxane.
The Journal of Hygiene, 34, 486-501.

Faucher , J. A. and E. D. Goddard, 1978: Interaatiokeratinous substrates with sodium lauryl
sulfate: I. sorption. J. Soc. Cosmet. Chem., 23;337.

Florence, T., I. G. Tuker and K. A. Walters, 198#teraction of non-ionic alkeyl and aryl ethers
with membranes and other biological systems. IrseRpM.J. (Ed.), Structure
Performance Relationships in Surfactants, ACS Swijpo Series, 253, pp. 189-207.

Flynn, G. L., 1990: Physicochemical determinantskaf absorption. IN: Garrity, TR, Henry, CJ
(Eds) Principles of route-to route extrapolationrigsk assessment. Elsevier, New York,
pp 93-127.

Friend, D. R., 1991: Transdermal delivery of levayestrel. Medicinal research reviews, 11, 49-
80.

Friend, D. R., S. J. Phillips and J. R. Hill, 19€Ltaneous effects of transdermal levonorgestrel.

Food and chemical toxicology : an internationakyal published for the British
Industrial Biological Research Association, 29, &3%.

187



Ghanem, A.-H., H. Mahmoud, W. I. Higuchi, P. Liudaw/. R. Good, 1992: The effects of
ethanol on the transport of lipophilic and polarpeants across hairless mouse skin:
Methods/validation of a novel approach. Internaialournal of Pharmaceutics, 78, 137-
156.

Gibson, W. T. and M. R. Teall, 1983: Interactioh€a?2 surfactants with the skin: changes in
enzymes and visible and histological features b$kan treated with sodium lauryl
sulphate. Food and chemical toxicology : an inteonal journal published for the
British Industrial Biological Research Associati@i, 587-594.

Gingell, R., R. J. Boatman, J. S. Bus, T. J. Cayde¥. Knack, W. J. Krasavage, H. P. Skoulis,
C. R. Stack and T. R. Tyler, 1994: Glycol etherd ather selected glycol derivatives.
In: Clayton, G.D. & Clayton, F.E., eds., Patty'dustrial Hygiene and Toxicology, 4th
ed., Vol. IID, New York, John Wiley & Sons, Incpp. 2816- 2818.

Gloxhuber, C. and K. Kunstler, 1992: Anionic sutéats: Biochemistry, toxicology,
dermatology. Surfactant science series. 2nd ed. Xak:Marcel Dekker.

Goates, C. Y. and K. Knutson, 1994: Enhanced perareaf polar compounds through human
epidermis. |. Permeability and membrane structciahges in the presence of short
chain alcohols. Biochimica et biophysica acta, 1199-179.

Hoelgaard, A. and B. Mgllgaard, 1985: Dermal dregvery — Improvement by choice of
vehicle or drug derivative. Journal of Controlledi&ase, 2, 111-120.

IARC, 1999: International Agency for Research omé¢ga ; 1,4-Dioxane. In: IARC Monographs
on the Evaluation of Carcinogenic Risks to Humafdd, 71,Re-evaluation of some
organic chemicals, hydrazine and hydrogen peroxidernational Agency for Research
on Cancer, Lyon, France 71 part 2 589-602.

Jakasa, I., M. M. Verberk, A. L. Bunge, J. Krusd & Kezic, 2006: Increased permeability for
polyethylene glycols through skin compromised bgigsm lauryl sulphate. Experimental
dermatology, 15, 801-807.

Johnstone, R. T., 1959: Death due to dioxane? A.Mrghives of industrial health, 20, 445-447.

Kadir, R., D. Stempler, Z. Liron and S. Cohen, 198@&livery of theophylline into excised
human skin from alkanoic acid solutions: a "push*punechanism. Journal of
pharmaceutical sciences, 76, 774-779.

KAIL, T., V. H. W. MAK, P. R. O. and R. H. GUY, 1990 echanism of percutaneous
penetration enhancement: effect of n-alkanols erpgrmeability barrier of hairless
mouse skin. Journal of Controlled Release, 12, 1T13-

Kano, H., Y. Umeda, T. Kasali, T. Sasaki, M. Matstom&. Yamazaki, K. Nagano, H. Arito and
S. Fukushima, 2009: Carcinogenicity studies ofdigkane administered in drinking-
water to rats and mice for 2 years. Food and chedrtogicology : an international

188



journal published for the British Industrial Biolegl Research Association, 47, 2776-
2784.

Kurihara-Bergstrom, T., K. Knutson, L. J. DeNobtelaC. Y. Goates, 1990: Percutaneous
absorption enhancement of an ionic molecule bynethaater systems in human skin.
Pharmaceutical research, 7, 762-766.

Lee, C. K., T. Uchida, K. Kitagawa, A. Yagi, N. &m and S. Goto, 1994: Skin permeability of
various drugs with different lipophilicity. Journal pharmaceutical sciences, 83, 562-
565.

Levang, A. K., K. Zhao and J. Singh, 1999: Effeicethanol/propylene glycol on the vitro
percutaneous absorption of aspirin, biophysicahglka and macroscopic barrier
properties of the skin. Int J Pharm, 181, 255-263.

Liu, P., T. Kurihara-Bergstrom and W. R. Good, 198atransport of estradiol and ethanol
through human skim vitro: understanding the permeant/enhancer flux relskign
Pharmaceutical research, 8, 938-944.

Lopez, A., F. Llinares, C. Cortell and M. Herra2@2p0: Comparative enhancer effects of
Span20 with Tween20 and Azone on ith@itro percutaneous penetration of compounds
with different lipophilicities. Int J Pharm, 20233-140.

Mautone, A. J., K. E. Reilly and R. Mendelsohn, Z-98ourier transform infrared and
differential scanning calorimetric studies of afane-active material from rabbit lung.
Biochimica et biophysica acta, 896, 1-10.

Megrab, N. A., A. C. Williams and B. W. Barry, 1995estradiol permeation across human
skin, silastic and snake skin membranes: The aff@otthanol/water co-solvent systems.
Int. J. Pharm., 116, 101-112.

Modamio, P., C. F. Lastra and E. L. Marino, 200Gcdparativen vitro study of percutaneous
penetration of beta-blockers in human skin. Inhdrk, 194, 249-259.

Mohr, T. K. G., W. H. DiGuiseppi and J. A. Stickn@&p10: Environmental Investigation and
Remediation: 1,4-Dioxane and other Solvent StadiizBook News, Inc., Portland -
United States, 34.

Moore, D. J., M. E. Rerek and R. Mendelsohn, 1993id domains and orthorhombic phases in
model stratum corneum: evidence from Fourier tramsfinfrared spectroscopy studies.
Biochemical and biophysical research communicafiga@g, 797-801.

Naik, A. and R. H. Guy, 1997: Infrared spectroscapid differen tial scanning calorimetric
investigations of the stratum corneum barngrction. In: Potts, R.O., Guy, R.H.
(Eds.), Mechanisms of Transdermal Drug Delivery.eéhDekker, New York pp. 87-
162.

189



NICNAS, 1998: National Industrial Chemicals Not#ton and Assessment Scheme;1,4-
Dioxane Priority Existing Chemical No. 7, Full PidoReport,. Commonwealth of
Australia, ISBN 0 642 47104 5.

Nicolazzo, J. A., T. M. Morgan, B. L. Reed and B.Rihnin, 2005: Synergistic enhancement of
testosterone transdermal delivery. Journal of odiett release : official journal of the
Controlled Release Society, 103, 577-585.

Nielsen, J. B., 2005: Percutaneous penetratiomughraslightly damaged skin. Archives of
dermatological research, 296, 560-567.

NIOSH, 1984: National Occupational Exposure Surfd81-83). Cincinnati, OH: U. S.
Department of Health and Human Services.
http://www.cdc.gov/noes/noes3/empl0003.html

Nokhodchi, A., J. Shokri, A. Dashbolaghi, D. HasZadeh, T. Ghafourian and M. Barzegar-
Jalali, 2003: The enhancement effect of surfactantthe penetration of lorazepam
through rat skin. Int J Pharm, 250, 359-369.

Ostrenga, J., C. Steinmetz, B. Poulsen and S. ¥@1tl: Significance of vehicle composition. II.
Prediction of optimal vehicle composition. JouroBpharmaceutical sciences, 60, 1180-
1183.

Panchagnula, R., P. S. Salve, N. S. Thomas, Aaik.ahd P. Ramarao, 2001: Transdermal
delivery of naloxone: effect of water, propylengaill, ethanol and their binary
combinations on permeation through rat skin. [Rharm, 219, 95-105.

Parker, F. S., 1983: Applications of Infrared, Ramaad Resonance Raman Spectroscopy in
Biochemistry. Plenum, New York.

Poet, T. S. and J. N. McDougal, 2002: Skin absonpéind human risk assessment. Chemico-
biological interactions, 140, 19-34.

Potts, R. O. and M. L. Francoeur, 1993: Infrargecsroscopy of stratum corneum lipids:
vitro results and their relevance to permeability. Walters, K.A., Hadgraft, J.
(Eds.), Pharmaceutical Skin Permeation Enhancerviartel Dekker, New York. pp.
269-291.

Potts, R. O. and R. H. Guy, 1992: Predicting sl@mpeability. Pharmaceutical research, 9, 663-
669.

Rastogi, S. C., 1990: Headspace analysis of 1 Xad®in products containing polyethoxylated
surfactants by GC-MS. Chromatographia, 29, 441-445.

Raykar, P. V., M. C. Fung and B. D. Anderson, 198&: role of protein and lipid domains in
the uptake of solutes by human stratum corneunrnideeutical research, 5, 140-150.

190



Reiger, M. M. and L. D. Rhein, 1997: SurfactanCiosmetics, Vol 68 New York:Marcel
Dekker.

Rhein, L. D., C. R. Robbins, K. Fernee and R. Camtb986: Surfactants structure effects on
swelling of isolated human stratum corneum. .J. 8as. Chem. , 37, 127-139.

Ribaud, C., J. C. Garson, J. Doucet and J. L. Leeej994: Organization of stratum corneum
lipids in relation to permeability: influence ofdiam lauryl sulfate and preheating.
Pharmaceutical research, 11, 1414-1418.

Rosado, C., S. E. Cross, W. J. Pugh, M. S. Robeds]. Hadgraft, 2003: Effect of vehicle
pretreatment on the flux, retention, and diffusodriopically applied penetranis vitro.
Pharmaceutical research, 20, 1502-1507.

Rowe, E. S., 1983: Lipid chain-length and tempeedepen dence of ethanol
phsphatidylcholine interactions. Biochemistry 22, 2299-3305.

Shah, J. C., 1993: Analysis of permeation dataluatian of the lag time method. International
Journal of Pharmaceutics, 90, 161-169.

Shokri, J., A. Nokhodchi, A. Dashbolaghi, D. HasZadeh, T. Ghafourian and M. Barzegar
Jalali, 2001: The effect of surfactants on the genetration of diazepam. Int J Pharm,
228, 99-107.

Somasundaran, P. and A. Hubbard, 2006: Encyclopé@arface and Colloid Science. Pezron
l. 2nd ed. New York: Taylor and Francis.

Sonneck, H. J., 1964: Contact dermatitis causedidyane (German). Dermatol Wochenschr, 1,
24-217.

USEPA, 1992: Dermal exposure assessment: Prin@pie@spplications. U.S. Environmental
Protection Agency, , Office of Health and Enviromtad Assessment, Washington D.C.

Vaddi, H. K., P. C. Ho and S. Y. Chan, 2002: Tegseim propylene glycol as skin-penetration
enhancers: permeation and partition of haloperigolrier transform infrared
spectroscopy, and differential scanning calorimetogrnal of pharmaceutical sciences,
91, 1639-1651.

van der Merwe, D. and J. E. Riviere, 2005a: Contparatudies on the effects of water, ethanol
and water/ethanol mixtures on chemical partitionirtg porcine stratum corneum and
silastic membrane. Toxicology vitro : an international journal published in associatio
with BIBRA, 19, 69-77.

van der Merwe, D. and J. E. Riviere, 2005b: Eftdotehicles and sodium lauryl sulphate on
xenobiotic permeability and stratum corneum pantitng in porcine skin. Toxicology,
206, 325-335.

191



VCCEP, 2007: Voluntary Children’s Chemical EvaloatProgram. Tiers 1, 2, and 3 pilot
submission for 1,4-dioxane. The Sapphire Group, Inc

Walters, K. A., 1989: Surfactants and percutanedns®rption. In: Scott, R.C., Guy, R.H.,
Hadgraft, J. (Eds.), Prediction of Percutaneous®ation: Methods, Measurements,
Modelling. Ibc Technical services, London pp. 1452.

Watkinson, R. M., C. Herkenne, R. H. Guy, J. Haftgfa. Oliveira and M. E. Lane, 2009:
Influence of ethanol on the solubility, ionizatiand permeation characteristics of
ibuprofen in silicone and human skin. Skin pharnh@gy and physiology, 22, 15-21.

Wester, R. C. and H. |. Maibach, 2000: Understaggiercutaneous absorption for occupational
health and safety. International journal of occigratl and environmental health, 6, 86-
92.

Wirth, W. and O. Klimmer, 1937: 1,4-Dioxan (Toxigibf organic solvents) (German). Int Arch
Gewerbepath Gewerbehyg, 7, 192—-206.

Zenker, M. J., R. C. Borden and M. A. Barlaz, 2008currence and treatment of 1,4-dioxane in
agueous environments. Environmental Engineeringrigei, 20, 423-432.

192



