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Abstract

Background & Aims: 1,4-Dioxane, a cyclic ether commonly employed in chemical and syntheses
processes as a solvent, is now a probable human carcinogen. It is frequently found as a byproduct of
detergents and personal care products, so reliable analytical methods to locate and quantify it in
cosmetics are important for compliance, regulatory, and public health reasons.

Materials & Methods: We developed an optimized headspace solid-phase microextraction (HS-
SPME) method that has the modified carbon fiber as the extraction phase when coupled with GC-
FID. The analytical method also allows us to take the best of liquid-liquid extraction and HS-SPME
together for better sensitivity in cosmetic matrices.

Results: The method provided adequate sensitivity, detection limit (LOD) of 0.4 pug/kg and
quantitation limit (LOQ) of 1.2 pg/kg. The linear dynamic range was 1.5-300 pg/kg, R? > 0.999,
precision of 5.8% as RSD at 25 pg/kg, n=6. The carbon fiber modified with aniline/pyrrole/graphene
oxide extraction phase had longer extraction times, but was more efficient than conventional fibers
due to its n-n modified interactions as well as more areas of contact and surface hydrophobicity.
Conclusion: This method for the headspace solid-phase microextration-gas chromatography-flame
ionization detection (HS-SPME-GC-FID) provides a sensitive, reliable, and solvent free method for
monitoring, locating, and quantifying 1,4-dioxane in cosmetics to comply with regulatory standards
of monitoring carcinogens. The modified carbon fiber exhibits exceptional performance for trace-
level extraction of this challenging analyte.
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Extended Abstract

Background

1,4-Dioxane (CsHzO2) is a cyclic ether byproduct of
ethoxylation in surfactant manufacturing, and chronic
contaminant in personal care products like lotions,
shampoos and liquid soaps. 1,4-Dioxane is a classified
"likely human carcinogen™ in the U.S. Environmental
Protection Agency (EPA) (1), and Group 2B ("possibly
carcinogenic™) chemical according to the International
Agency for Research on Cancer (IARC) (2). The
identification of 1,4-dioxane in cosmetics raises
immediate public health concerns. It is a moderately
volatile organic compound (38 mmHg at 25°C) and
highly soluble in water, which means it is very
absorbable through the skin with the potential for
systemic exposure (4). Agencies require ultra-sensitive
analysis approaches because 1,4-dioxane
concentrations below pg/kg have been shown to be
harmful (10). Conventional analysis methods such as
liquid-liquid extraction (LLE) have the disadvantages
of high solvent and sample consumption, poor
reproducibility, and inefficiencies due to the
complexity of the matrix sample problems (9,13). In
contrast, solid-phase microextraction (SPME) methods
developed by Arthur et. al. (18), offer a solid state, low
cost and simple alternative to traditional analysis
methods that also increase sensitivity. This study
introduces a new SPME method using graphene oxide
functionalized carbon fibers in a procedure designed to
optimize and increase extraction efficiencies of liquid
matrix samples whilst addressing the complex
interferences caused by the matrix of cosmetic samples
in general.

Methods

High-purity nitrogen gas (99.99%), 1,4-dioxane,
methanol, graphene oxide, pyrrole, and aniline (Merck,
Germany) were utilized. Analysis samples were
subjected to a Shimadzu GC-FID with an Rtx-5 column
(30 m x 0.25 mm ID, 0.25 um film), while the fibers
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were  electrochemically ~ coated  using  an
electrochemical coating system.

Fiber Modification: Carbon  fibers  were
electrochemically coated with polyaniline, polypyrrole,
and graphene oxide over 50 cycles, taking advantage of
the large surface area and chemical stability of
graphene (15,16). HS-SPME Optimization: The HS-
SPME parameters included extraction temperature (25—
55°C), length of fiber (0.5-2 cm), time (2-12 min), and
stirring speed (100-1,000 rpm), according to SPME
method development (23). GC-FID: The temperature
program of the oven was from 40°C (2 min) to 120°C
(2 min), at 35°C/min, with FID detector at 250°C, with
methods for volatile organic compounds (5).

Limit of Detection (LOD) and Limit of Quantification
(LOQ) were determined using spiked samples. Matrix
effects in shampoos and liquid soaps were assessed by
standard addition, addressing the matrix complexities
noted in environmental matrices (4).

Results

Analytical Performance

The method exhibited very high sensitivity, with LOD
and LOQ values of 0.4 pg/kg and 1.2 pg/kg,
respectively, which were better than previous SPME
approaches for 1,4-dioxane (e.g., LOD = 1.0 pg/kg,
Shirey and Linton (21)). A range of linearity from 1.5—
300 pg/kg (R? = 0.9993) was demonstrated as well as
precision (RSD = 5.8%, *n* = 6) and recovery (87—
103%) that also at least met requirements established
by the FDA guidelines. These results also demonstrate
better reproducibility when compared to SPE methods,
which are frequently cited as having RSD >10% (22).
Optimized Parameters

Fiber Length: 1.5 cm allow for the maximum area
without sacrificing mechanical stability of the fiber
(20). Extraction Time: The 8 minute extraction time at
35°C was a good balance of efficiency and practicality

as opposed to earlier studies which instructed for longer
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extraction times (15 to 30 min) for SPME (24). Solvent:
The dichloromethane/n-hexane (1:1, v/v) combined
solvent gave the best desorption efficiency. Reuse: The
fiber maintained >90% efficiency over five cycles. This
is in part attributable to the durability of graphene oxide
as well as the adsorbent strength of the coating (16).
The high adsorption capacity and chemically inert
nature of the graphene oxide coating also helped to
minimize matrix interference resulting from surfactants
and fragrances common during analysis of cosmetic
products (17). This is inline with graphene oxide's
recent developments for carbon-based sorbents and
analysis of volatile organic compounds (15). With the
solvent-free composition, the overall nature of the
method reduces environmental concerns associated
with LLE and is in line with green chemistry (9). Jones
and Munch's SPE-GC/MS method using GC/MS,
would likely require more complicated pretreatment of
samples, whereas this workflow allows scientists to
clearly retain sensitivity (22).

Conclusion

This study develops a reliable HS-SPME/GC-FID
method to detect 1,4-dioxane in cosmetics with high
sensitivity (LOD = 0.4 pg/kg) and precision (RSD
<6%) and improved eco-efficiency. The functionalized
carbon fibers showed excellent reusability with validity
established using independent spaghetti design
experiments, thus their reusability will minimize the

cost related to the frequency of analysis. Future work
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will apply many of the features of this methodology
(e.g. HS-SPME) on solid matrices (e.g. powders) using
adaptations to the extraction of magnetic carbon
nanotubes (17) and assess cross-sensitivity to similar
contaminants like epichlorohydrin (6).
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