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Abstract: The COVID-19 pandemic led to panic-buying of alcohol-based hand rubs (ABHRs). In
response, governmental agencies (e.g., Health Canada) permitted the sale of ABHRs formulated
with “technical-grade” ethanol to alleviate the growing demand. Technical-grade ethanol contains
elevated concentrations of impurities (e.g., acetaldehyde, etc.), which may exhibit dose-dependent
toxicity. In this study, a rapid solvent extraction was employed to analyze gelled ABHRs via
gas chromatography with flame ionization detection. In total, 26 liquid and 16 gelled ABHRs
were analyzed for nine common impurities to determine compliance with Health Canada interim

heck f guidelines. Of 42 samples analyzed, 11 ABHRs appear to be non-compliant with interim Health
check for

updates
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Canada guidelines. Non-compliant ABHRs exhibited elevated concentrations of acetaldehyde,
with a maximal concentration observed of 251 + 10 uL. L™!; 3.3 x higher than currently permitted.
Nonetheless, frequent testing of ABHRs should be routinely conducted to reduce the risk of consumer
exposure to non-compliant ABHRs.
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1. Introduction

Community transmission of infectious disease remains a significant concern [1], espe-
cially during the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2;
aka COVID-19) pandemic. Many municipalities have enforced stay-at-home and work-
at-home orders to reduce and control community transmission of this respiratory disease.
Hand hygiene is a key practice that reduces the incidence of infection [1]. Hand hygiene
is best achieved by either handwashing with soap or by use of hand sanitizers. Both
practices effectively reduce contaminants by removing or killing microorganisms [1]. Com-
munity education in proper hand hygiene is a key activity that can significantly reduce the
spread of infectious disease through reduction of bacterial and viral counts [2]. Efficacy,
followed by skin compatibility, were identified to be the most important attributes of a
hand sanitizer [2].

Alcohol (e.g., ethanol) can be produced by fermentation of biomass or synthetically
via direct or indirect ethylene hydration (e.g., petroleum-derived ethanol) [3,4]. However,
production of synthetic ethanol often requires expensive processes, such as high energy
inputs to compress ethylene and water over phosphoric acid catalysts [3,4]. Bioethanol
processes are the predominant method for commercial ethanol production [5] due to
their lower cost, renewability (e.g., cereal grains), and absence of toxic reagents (e.g.,
petroleum-based olefins). Alcohol content (e.g., 60-95%), type of alcohol (e.g., ethanol,
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with higher alcohol concentrations demonstrating better activity [7]. Concentrations higher
than 95% are ineffective as water is required for protein denaturation, and preparations
with higher alcohol concentrations evaporate quickly. Alcohol effectively kills all enveloped
viruses [6], including the novel COVID-19. Non-enveloped viruses may require higher
alcohol concentrations to be effective (i.e., >70%) [6].

Alcohol-based hand rubs (ABHRs) can be available in liquid, gel, or foamable for-
mats and are the first choice for hand hygiene in healthcare settings as they afford more
effective antimicrobial activity than antiseptic soaps [8,9], improve convenience and com-
pliance [10,11], are less time-consuming, and are less irritating than washing with soap and
water [12-14]. Based largely on convenience ABHR in gel or foam formulations are typi-
cally favored, although liquid ABHRs typically leave less residue and dry more quickly [15].
The efficacy of ABHR is determined by the amount of hand sanitizer dispensed [16,17], the
contact time [18,19], whether hands are soiled or contaminated with materials [20], and
hand hygiene procedures [1,2]. ABHRs also do not eliminate all types of germs [16,17].
Therefore, washing hands with mild soap for a minimum of 20 s, is a preferred method
of decontamination [21,22], as it inactivates and removes a broad spectrum of bacterial or
viral particles physically from the hand.

Typically, raw materials destined for the pharmaceutical and food industry must meet
specific standards for composition, such as those outlined in monographs available through
the Food Chemicals Codex (FCC) and the United States Pharmacopeia (USP) [23,24].
Compliance with these standardized testing protocols ensures that materials are pure and
of quality. Compliance is verified and regulated by governmental agencies such as Health
Canada in Canada, and the United States Food and Drug Administration (FDA). Recently,
the global transmission of COVID-19 has led to panic-buying of common necessities [25],
including surface disinfectants and hand sanitizers, resulting in global shortages of both
products and materials and further eroding supply and distribution chains. In response,
governmental agencies (e.g., Health Canada and the USFDA) have relaxed regulations
over the production of ABHRs, enabling many beverage distilleries and industrial ethanol
plants to produce technical-grade alcohol to help alleviate growing demand. Furthermore,
due to shortages in gelation agents, Health Canada has also eased some restrictions on
substitutions for rheology modifiers [26]. This has resulted in increased availability of these
alcohol-based products, from ~370 (March 2020) to ~5000 products presently (February
2021) [27]. However, many of these manufacturers possess different infrastructure and
utilize different and variable feedstocks, thereby influencing the grade of the end-product
alcohol and the type of impurities. Therefore, one must take extra precautions in ensuring
compliance and efficacy of ABHR products which are currently available. Analyses of
ABHRs, to ensure compliance and efficacy, is difficult especially if unknown impurities
or materials are present (e.g., type of gelation agent in the product). Therefore, in this
study, we sampled a broad variety of ABHRs purchased from local and online merchants
to investigate both quality and compliance of the ethanol product. In the analyses of gelled
ABHRs, we also developed a rapid method to precipitate gelation materials for downstream
identification and quantification of ingredient materials using gas chromatography with
flame ionization detection (GC-FID).

2. Materials and Methods
2.1. Chemicals

Alcohol standards (Table 1) are characteristic of a range of common alcohols (including
fusel alcohols) produced during alcoholic fermentation and were obtained from Sigma
Aldrich (Mississauga, ON, Canada). The internal and recovery standards were 3-pentanol
(CAS number 584-02-1) and 4-methyl-2-pentanol (CAS number 108-11-2), purchased from
Millipore Sigma (Mississauga, ON, Canada). Acetonitrile (HPLC grade), ethanol (HPLC
grade), and dichloromethane (certified ACS) were obtained from Thermo Fisher (Ottawa,
ON, Canada). A variety of 16 gelled and 26 liquid ABHRs were purchased locally or
through online retailers between March 2020 and September 2020.
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Table 1. Retention times of common impurities in technical-grade ethanol.

Retention Time Limit of Limit of
Compound (min) Detection Quantification
(LOD; uL-L-1) (LOQ; uL-L-1)
Acetaldehyde 0.86 0.15 0.46
Methanol 0.91 0.14 0.44
Ethanol 1.40 0.15 0.56
1-Propanol 2.35 0.34 1.02
Ethyl acetate 2.89 0.47 1.43
Isobutanol 3.90 0.37 0.85
1-Butanol 5.60 0.42 1.28
Acetal 6.00 0.55 1.66
Glycerol 10.70 0.13 0.39
4-Methyl-2-pentanol ! 7.0
3-Pentanol 2 5.25

1 Recover standard for gelled alcohol-based hand rubs (ABHRs) and internal standard for liquid ABHRs; ? internal
standard for gelled ABHRs.

2.2. Extraction of Gelled ABHRs

A standard spiking solution of dichloromethane (DCM) containing the recovery
standard, 4-methyl-2-pentanol (10 uL-L_l), was used as the extraction solvent for gelled
ABHRs. Gelled ABHRs were vortexed for 20 sec with this solution at a ratio of 1:1 (sam-
ple:solvent; w/v; 1 g/mL), in 2 mL VWR microcentrifuge tubes (Mississauga, ON, Canada).
The samples were then centrifuged at 10,000 rpm (Spectrafuge 24D, Labnet International
Inc.; Edison, NJ, USA) for 5 min at room temperature to facilitate phase separation. The
supernatant was then filtered using VWR 0.2 pm polytetrafluoroethylene (PTFE) syringe
filters (Mississauga, ON, Canada) and spiked with 3-pentanol (10 uL-L™1), then analyzed
directly via GC-FID. Liquid ABHRs were filtered with 0.2 um PTFE syringe filters (Missis-
sauga, ON, Canada), spiked with 4-methyl-2-pentanol (10 pL-L~!), and analyzed directly
via GC-FID with no prior treatment. Each sample was measured in triplicate, with the
exception of sample 26 (due to inadequate sample amount). Results are measured as mean
+ standard deviation.

2.3. GC-FID Analytical Methodology

Analyses of ABHR were conducted using an Agilent 7890 GC (Santa Clara, CA,
USA) equipped with a flame ionization detector (FID). Samples were injected using an
Agilent 7693A (Santa Clara, CA, USA) automatic liquid sampler with a 10 uL. Hamilton
cemented needle syringe (Reno, NV, USA). Volatile organic compounds were separated
on a 30-m Agilent J&W DB-624 Ultra Inert column (ID 0.32 mm, 1.80 pm film). The FID
was operated at 250 °C with flow rates of 400 mL min~! of air, 30 mL min~! of hydrogen,
and 25 mL-min~! nitrogen. Initial oven temperature was 40 °C and held for 5 min. The
temperature was increased to 225 °C at 20 °C-min~! and held for 2.5 min, giving a total
run-time of 16.75 min. Helium was used as the carrier gas, with a flow rate of 6 mL-min~ L.
The inlet was operated in split mode (40:1) at 140 °C and 1 pL of sample was injected.
The syringe was thoroughly washed with acetonitrile between injections to avoid cross-
contamination. A five-point calibration curve was derived for all the impurities listed in
Table 1, achieving an R2 > 0.99 and an RSD < 25%.

3. Results and Discussion

The unprecedented impact of the COVID-19 pandemic has led to a global crisis
resulting in widespread panic buying of essential items [28] including hand sanitizer and
surface disinfectants. This demand led to shortages of commercial essential products and
resulted in government regulatory agencies temporarily permitting the use of lower quality
raw materials and substitutions in ABHRs [29]. A simplified licensing approach resulted
in rapid manufacturing and the availability of over 5000 hand sanitizer products [27],
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many of which were produced using non-USP-grade ethanol. These interim guidelines
initially permitted acetaldehyde concentrations to be not more than (NMT) 1000 ppm.
However, by June 2020, the concentration of permitted acetaldehyde was lowered to
400 ppm, and later reduced to 75 ppm by September 2020 [30]. This decrease in regulatory
limits was attributed partly to improved distillation and purification processes at many
manufacturing facilities [30]. Although, samples >75 ppm can be marketed and sold,
they require additional health related labelling [30]. Typically, USP-compliant ethanol
is required in the formulation of ABHRs and is limited to NMT 10 ppm of combined
acetal and acetaldehyde [23]. Fortunately, many of the hand sanitizers examined in this
study were compliant with Health Canada’s interim guidelines for technical-grade ethanol.
However, the main non-compliant contaminant appeared to be acetaldehyde.

Typically, ABHRs are formulated using pharmaceutical-grade ethanol, examined
against the USP ethanol monograph. This monograph specifically requires quantification
of methanol, benzene, acetal (1,1-Diethoxyethane), and acetaldehyde in addition to a sum
of all other organic compounds detected by GC. Traditionally benzene has been used
as an entrainer in azeotropic distillation systems for ethanol dewatering [31], however,
due to its toxicity [32] this solvent has since been replaced with other less-hazardous
solvents (e.g., cyclohexane and ethylene glycol) [33]. Currently, the most established drying
methods are distillation and adsorption (e.g., molecular sieve) processes [33,34]. Initial
results demonstrated a compound elution at 3.90 min, which is typical of for benzene
elution. This was later identified to be isobutanol and was confirmed through GC-MS.
To be marketed as USP-grade ethanol, solutions must contain <200 uL-L~! methanol,
<2 uL-L~! benzene, and <10 uL-L~! combined acetal and acetaldehyde [23], and the sum
of all other impurities must also be <300 uL-L=1 [23].

Extraction of compounds of interest from gelled ABHRs using dichloromethane was
successful, achieving a mean recovery of 105.7% =+ 9.1%. However, 1-butanol co-eluted with
the internal standard in many of the gelled samples. Therefore, to obtain an approximate
concentration for 1-butanol, the average area of the internal standard was subtracted from
the total peak area at the retention time of 5 min. An ethanol blank containing 10 ppm of
3-pentanol was injected every 10 samples to compensate for instrument drift.

In total, 31 of the 42 samples complied with the interim guidelines outlined by Health
Canada [30]. The remaining 11 ABHR samples (samples 4, 11, 13, 14, 15, 19, 21, 45, 25, 26,
and 42) did not comply with current Health Canada legislation, primarily due to excess
acetaldehyde content within the ABHRs. However, these products were purchased prior
to the regulatory decrease in acetaldehyde concentrations issued by Health Canada.

Methanol concentrations were below 200 uL L~! in accordance with USP criteria,
ranging from below limited of detection (LOD) to 47 + 2 uL. L~! (Figure 1). Acetaldehyde
appeared to be the most common impurity in ABHRs analyzed, with 28 samples containing
acetaldehyde concentrations from 17 £ 0.5 uL-L71 to 251 4+ 10 pL-L~! (Figure 2). Acetal
concentrations were between <LOD to 12 + 0.3 uL-L~!, with only two samples exceeding
10 uL-L~!. Eleven of these samples exceeded the interim Health Canada guidelines on
acetaldehyde and 17 samples exceeded the USP monograph for combined acetal and
acetaldehyde. Acetaldehyde is produced through the oxidation or metabolism of ethanol
by yeast and bacteria [35]. Reversible conversion of acetal to acetaldehyde can also occur
in the presence of ethanol and acidic catalysts [36,37]. Therefore, for compliance of an
ethanol product with USP and Health Canada requirements it is necessary to include the
total acetal and acetaldehyde content to account for this conversion.
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Figure 1. Methanol concentration in alcohol-based hand rubs (liquid, samples 1 to 26; gelled, samples 27 to 42) obtained
from local and online merchants.
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Figure 2. Acetaldehyde and acetal concentrations in alcohol-based hand rubs (liquid, samples 1 to 26; gelled, samples
27 to 42) obtained from local and online merchants. The grey and beige colour represent acetaldehyde and acetal, respectively.
The black and red dotted line represents the interim Health Canada and United States Pharmacopeia (USP) limit, respectively,
on acetaldehyde and acetal concentrations, as of September 2020.

The guidelines outlined in the USP monograph and Health Canada, sum the remain-
ing impurities together as a measure of total organic impurities. According to the USP
monograph, the sum of all other impurities must not exceed 300 ppm. However, due to the
COVID-19 pandemic, Health Canada temporarily increased limits for total impurities in
technical-grade ethanol. Currently, if the sum of all other impurities exceeds the interim
limit of 300 ppm, Health Canada requires that all individual impurities must be identified
and meet the individual interim limits [30]. These other listed impurities include acetone,
1-propanol, ethyl acetate, 2-butanol, 2-methyl-1-propanol (aka isobutanol), 1-butanol, 3-
methyl-1-butanol, and amyl alcohol [30]. In this study, 1-propanol, ethyl acetate, 1-butanol,
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and isobutanol were identified, and their concentrations were below the individual in-
terim guidelines enforced by Health Canada (<1000 ppm, <2200 ppm, <1000 ppm, and
21,700 ppm, respectively) (Figure 3) [30]. However, other unidentified impurities were
present in some of the ABHRs sampled in this study. In the event unknown impurities are
present in ethanol, Health Canada requires the manufacturer to identify these compounds
and report them for assessment [30].
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Figure 3. Concentration of 1-propanol, ethyl acetate, 1-butanol, and isobutanol in alcohol-based hand rubs (liquid, samples
1 to 26; gelled, samples 27 to 42) obtained from local and online merchants.

Many of the ABHRs in this study exhibited the presence of humectants (e.g., glycerol
and 1,2-propanediol). Humectants are typically added to ABHRs as a moisturizing agent
and to encourage hand hydration [38]. In the liquid ABHRs analyzed, 20 of 26 samples
contained glycerol ranging between 0.52% =+ 0.01% and 4.0% =+ 0.01% (v/v) (Figure 4).
However, there was a single sample identified (sample 26) with a glycerol content of
4.2% (v/v). The current formulations of hand sanitizer suggested by the World Health
Organization are either 80% (v/v) of ethanol or 75% (v/v) isopropanol mixed with 1.45%
glycerol (v/v) [39]. Most of the liquid glycerol-containing ABHRs analyzed appeared to
comply with this formula. Similarly, 1,2-propanediol was identified in a few samples.
This compound is the second-most-used humectant in cosmetic products and is generally
recognized as safe [38]. Similar to glycerol, this compound is general used in small concen-
trations, typically between 2% and 5% [38]. Nevertheless, these hand sanitizers were not
labeled to indicate the presence of the 1,2-propanediol.

Meanwhile, ethanol content was estimated by comparing the ethanol peak area in
sample chromatograms against an absolute analytical-grade ethanol blank. Ethanol content
in the liquid ABHRs varied between 63% =+ 2% (v/v) to 90 &= 3% (v/v), although sample 26
had an ethanol content of 50% (Figure 5). With the exception of sample 26, the concentration
of ethanol in these ABHRs suggested adequate viricidal activity [40,41].
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Figure 4. Glycerol content (%; v/v) of liquid alcohol-based hand rub samples.
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Figure 5. Ethanol content (%; v/v) of liquid alcohol-based hand rub samples.

Although not quantified, isopropanol was present in 12 ABHRs. Two of the gelled
ABHRs contained isopropanol as the active ingredient (samples 33 and 34), while four
ABHRs contained an elevated mixture of ethanol and isopropanol as the active ingredient
(samples 6, 8, 18, and 29). Finally, the remaining six ABHRs (samples 4, 5, 28, 31, 32, and 42)
appeared to have minimal amounts of this compound. Ethanol is the most effective alcohol
against virus, whereas isopropanol is considered to be a better bactericidal alcohol [42].
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However, isopropanol is fully effective against virus with lipid envelopes [40]. Therefore,
the combination of these alcohols could potentially have a synergistic effect [42].

The permittance of technical-grade ethanol in ABHRs enabled small, non-traditional
businesses to manufacture ABHRs to meet market demands. However, the new manu-
facturers implemented non-conventional packaging for ABHRs [29]. For example, one of
the ABHR samples purchased was shipped in a carbonated aluminum beverage container.
Interestingly, the product eventually corroded and ruptured the can after storage at room
temperature for several weeks. Carbon dioxide is acidic in nature and can chemically
modify ABHR composition by altering equilibrium reactions that create ethers, acetals,
and esters [36,37]. This is important to note, as the USP monograph and Health Canada
specifically require that acetal and acetaldehyde impurities must be summed together to
account for acetal conversion to acetaldehyde. Although pH was not measured in this
study, the nominal concentration of acetal could potentially be attributed to the ABHR pH,
resulting in an increase in acetaldehyde concentrations.

Finally, analyses of ABHRs can be further complicated by the presence of additive
ingredients, such as fragrances. Fragrances may be mixed into ABHR products as a possible
attempt to mask odours related to fusel alcohols (e.g., sample 42; Figure 6). The addition of
fragrances, or the storage container itself, can also lead to inadvertent inclusion of phtha-
lates including diethyl phthlate. This compound is routinely used as a vehicle for fragrance
and cosmetic ingredients [43] and was observed in some ABHRs sampled (via GC-MS; data
not shown). However, this compound was not further investigated in this study. Other
unidentified impurities were also observed in some ABHR samples, which collectively had
concentrations of up to 9623 ppm =+ 246 ppm (in sample 42; Figure 6), although this could
be a result of additive ingredients. Chromatograms of many of the gelled ABHRs had
numerous unidentified peaks (Figure 7), possibly suggesting contribution from additive
ingredients (e.g., fragrances) rather than from ethanolic raw ingredient. Regardless, identifi-
cation and quantification of these unknown impurities should be conducted and presented
to Health Canada for review to ensure consumer safety. For most ABHRs investigated in
this study, impurities that were identified and quantified suggest minimal toxicity to the
consumer [44]. However, the presence of unidentified compounds can be concerning as
they represent a significant portion of total impurities in several of the ABHRs analyzed.
Therefore, caution should be exercised for at-risk populations. Acetaldehyde is toxic and a
likely carcinogen [45] (Group 2B classification by the International Agency for Research
on Cancer) and has been discovered to be the principal chemical involved in fetal alcohol
spectrum disorder [46]. However, it is unlikely that acetaldehyde adsorption, at these
concentrations, would reach acute toxic levels [47]; still, percutaneous toxicity in children
can occur with regular application of ABHRs [47]. Nonetheless, chronic toxic effects of
acetaldehyde in ABHRs have not been thoroughly investigated, and special attention
should be taken into account in regard to children and individuals with genetic deficiencies
in ethanol metabolism [47].



Int. J. Environ. Res. Public Health 2021, 18, 3766 90f12

12,000
10,000
8000
T
&
£
c
=l
=
e
€
7] €000
o
=
o
s}
4000
2000 | |
™ s ™ N D ] Q Ny 97 % N © A "9 v > D © )
3% 3% \Q' N \ \‘2' \-z \°’ \°’ e e e, 2" i e, e. e &f @ @b e’ ¥ e¥ z eV e, z e’ @& &’ ’5 zq’ o’ z Bali
AT ELESE Q@@q\ﬁ@@@e@@@e@qfe SIS é&é@q\ﬁ\@s&eéO Q& e@qfq@q&q\&e & @
e 90 9 97 97 98 97 97 98 @ P P P P PP PP P PP PP P PP PP PP PP < g o & o g of

Figure 6. Estimated concentrations of all other impurities (summed). The dotted line represents the USP limits permitted for total impurities in alcohol-based hand rubs (liquid, samples 1
to 26; gelled, samples 27 to 42) obtained from local and online merchants.



Int. J. Environ. Res. Public Health 2021, 18, 3766 10 of 12

(A

~

100 4

80

60

404

Methanol

Acetaldehyde

204

W acetonitrile

—0 1-Propanol
= Ethyl Acetate

Isobutanol
3-Pentanol
1-Butanol
Acetal

(€)

100

~ 4

I

100
80 A
°
E 60
€
3 s
& 2
:> ; 40
3z ©
<§‘r 20 -
T T T T 0 T T T T T T T T
6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

100
80
60
404
20 | ﬂ
\J
T
12
T
12

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 14 16
100 5
80+
60
40
k lj M 1
) . B W
T T T T T T T T 0 T T T T T T T
0 2 4 6 8 10 12 14 16 o 2 4 6 8 10 14 16
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4. Conclusions

To conclude, because of the COVID-19 pandemic, Health Canada implemented interim
guidelines to address shortages in high-quality ethanol for formulation into ABHRs and
surface disinfectants. Correspondingly, there was a drastic upsurge in commercially
available ABHRs, as local breweries and fuel ethanol plants gained new market entry
into these sectors during the interim period. However, some manufacturers might not
have capacity to refine ethanol and remove impurities. Due to the vast amount of ABHR
currently on the market, vigilant testing should be routinely conducted to ensure product
compliance and consumer safety. Acetaldehyde also remains a nuisance impurity that many
manufacturers struggle to reduce to meet Health Canada’s interim limitations. With regard
to other impurities (e.g., methanol, ethyl aetate, and 1-propanol), many of the ABHRs
appear to meet Health Canada’s interim guidelines on technical-grade ethanol, with only
six of the ABHRs studied meeting USP limitations on organic impurities in ethanol.

Author Contributions: Conceptualization, T.J.T., EB.N. and M.].T.R.; methodology, T.].T. and EB.N.;
data analysis, T.J.T. and EB.N.; writing—original draft, T.].T.; writing—review and editing, F.B.N.
and M.J.T.R.; supervision, M.].T.R.; funding acquisition, M.].T.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Saskatchewan Agricultural Development Fund (grant
numbers 20190155, 20190154, 20180281, 20180248, 20180255, 20170133); National Sciences and Engi-



Int. J. Environ. Res. Public Health 2021, 18, 3766 11 of 12

neering Research Council of Canada Discovery Grant (grant number RGPIN-2018-06631); and Mitacs
(grant numbers 1T19122, IT16156).

Institutional Review Board Statement: Not Applicable.
Informed Consent Statement: Not Applicable.
Acknowledgments: Not Applicable.

Conflicts of Interest: Martin J. T. Reaney is the founder of, and has an equity interest in, Prairie Tide
Diversified Inc. (PTD, Saskatoon, SK, Canada: previous company name is Prairie Tide Chemicals
Inc.). This company offers commercial analytical services for ethanol producers.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bloomfield, S.E,; Aiello, A.E.; Cookson, B.; O’Boyle, C.; Larson, E.L. The effectiveness of hand hygiene procedures in reducing
the risks of infections in home and community settings including handwashing and alcohol-based hand sanitizers. Am. J.
Infect. Control 2007, 35, 527-S64. [CrossRef]

Babeluk, R.; Jutz, S.; Mertlitz, S.; Matiasek, J.; Klaus, C. Hand Hygiene—Evaluation of Three Disinfectant Hand Sanitizers in a
Community Setting. PLoS ONE 2014, 9, €111969. [CrossRef]

Hidzir, N.S.; Som, A.M.; Abdullah, Z. Ethanol production via direct hydration of ethylene: A review. In Proceedings of the Inter-
national Conference on Global Sustainability and Chemical Engineering (ICGSE), Kuala Lumpur, Malaysia, 2022 August 2014.
Kim, S.-S.; Kim, J.; Shin, S.-C.; Agblevor, FA. Distinction between Bioethanol and Synthetic Ethanol in a Mixture of Gasoline
Using Low Level Liquid Scintillation Counting. Chem. Lett. 2009, 38, 850-851. [CrossRef]

Pascault, J.-P.; Hofer, R.; Fuertes, P. Mono-, di, and oligosaccharides as precursors for polymer synthesis. In Polymer Science: A
Comprehensive Reference; Matyjaszewski, K., Moller, M., McGrath, ].E., Hickner, M.A., Hofer, R., Eds.; Polymers for a Sustainable
Environment and Green Energy; Elsevier: Amsterdam, The Netherlands; Oxford, UK; Waltham, MA, USA, 2012; Volume 10,
pp- 59-82.

Trampuz, A.; Widmer, F. Hand hygiene: A frequently missed lifesaving opportunity during patient care. Mayo Clin. Proc. 2004,
79,106-116. [CrossRef] [PubMed]

Rotter, M.L. Hand washing and hand disinfection. In Hospital Epidemiology and Infection Control, 2nd ed.; Mayhall, C.G., Ed.;
Lippincott Wiliiams & Wilkins: Philadelphia, PA, USA, 1999; pp. 1339-1355.

Winnefeld, M.; Richard, M.A.; Drancourt, M.; Grob, J.J. Skin tolerance and effectiveness of two hand decontamination proce-dures
in everyday hospital use. Br. . Dermatol. 2000, 143, 546-550. [CrossRef] [PubMed]

Mody, L.; McNeil, S.A.; Sun, R.; Bradley, S.F,; Kauffman, C.A. Introduction of a Waterless Alcohol-Based Hand Rub in a
Long-Term—Care Facility. Infect. Control Hosp. Epidemiol. 2003, 24, 165-171. [CrossRef] [PubMed]

Kampf, G.; Rudolf, M.; Labadie, ].C.; Barrett, S.P. Spectrum of anti-microbial activity and user acceptability of the hand disinfectant
agent Sterillium Gel. J. Hosp. Infect. 2002, 52, 141-147. [CrossRef]

Harbarth, S.; Pittet, D.; Grady, L.; Zawacki, A.; Potter-Bynoe, G.; Samore, M.H.; Goldmann, D.A. Interventional study to evaluate
the impact of an alcohol-based hand gel in improving hand hygiene compliance. Pediatr. Infect. Dis. ]. 2002, 21, 489-495.
[CrossRef] [PubMed]

Rotter, M. Arguments for alcoholic hand disinfection. J. Hosp. Infect. 2001, 48, S4-S8. [CrossRef]

Voss, A.; Wimer, A.F. No time for handwashing? Handwashing versus alcoholic rub: Can afford 100% compliance? Infect Control
Hosp. Epidemiol. 1997, 18, 205-208. [CrossRef]

McDonald, L.C. Hand Hygiene in the New Millennium: Drawing the Distinction between Efficacy and Effectiveness. Infect. Control
Hosp. Epidemiol. 2003, 24, 157-159. [CrossRef]

Greenaway, R.; Ormandy, K.; Fellows, C.; Hollowood, T. Impact of hand sanitizer format (gel/foam/liquid) and dose amount on
its sensory properties and acceptability for improving hand hygiene compliance. J. Hosp. Infect. 2018, 100, 195-201. [CrossRef]
[PubMed]

Blaney, D.D.; Daly, E.R.; Kirkland, K.B.; Tongren, ].E.; Kelso, P.T.; Talbot, E.A. Use of alcohol-based hand sanitizers as a risk factor
for norovirus outbreaks in long-term care facilities in northern New England: December 2006 to March 2007. Am. . Infect. Control
2011, 39, 296-301. [CrossRef] [PubMed]

Oughton, M.T.; Loo, V.G.; Dendukuri, N.; Fenn, S.; Libman, M.D. Hand Hygiene with Soap and Water Is Superior to Alcohol Rub
and Antiseptic Wipes for Removal ofClostridium difficile. Infect. Control Hosp. Epidemiol. 2009, 30, 939-944. [CrossRef] [PubMed]
Kampf, G.; Marschall, S.; Eggerstedst, S.; Ostermeyer, C. Efficacy of ethanol-based hand foams using clinically relevant amounts:
A cross-over controlled study among healthy volunteers. BMC Infect. Dis. 2010, 10, 78. [CrossRef] [PubMed]

Stebbins, S.; Cummings, D.A.T.; Starkm, J.H.; Vukotech, C.; Mitruka, K.; Thompson, W.; Rinaldo, C.; Roth, L.; Wagner, M.;
Wisniewski, S.R.; et al. Reduction in the incidence of influenza A but not influenza B associated with use of hand sanitizer and
cough hygiene in schools: A randomized controlled trial. Pediatr. Infect Dis. ]. 2011, 30, 921-926. [CrossRef]

Coronado, G.D.; Holte, S.E.; Vigoren, E.M.; Griffith, W.C.; Barr, D.B.; Faustman, E.M.; Thompson, B. Do Workplace and Home
Protective Practices Protect Farm Workers? Findings From the “For Healthy Kids” Study. J. Occup. Environ. Med. 2012,
54,1163-1169. [CrossRef]


http://doi.org/10.1016/j.ajic.2007.07.001
http://doi.org/10.1371/journal.pone.0111969
http://doi.org/10.1246/cl.2009.850
http://doi.org/10.4065/79.1.109
http://www.ncbi.nlm.nih.gov/pubmed/14708954
http://doi.org/10.1111/j.1365-2133.2000.03708.x
http://www.ncbi.nlm.nih.gov/pubmed/10971327
http://doi.org/10.1086/502185
http://www.ncbi.nlm.nih.gov/pubmed/12683506
http://doi.org/10.1053/jhin.2002.1281
http://doi.org/10.1097/00006454-200206000-00002
http://www.ncbi.nlm.nih.gov/pubmed/12182370
http://doi.org/10.1016/S0195-6701(01)90004-0
http://doi.org/10.2307/30141985
http://doi.org/10.1086/502183
http://doi.org/10.1016/j.jhin.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30012375
http://doi.org/10.1016/j.ajic.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21411187
http://doi.org/10.1086/605322
http://www.ncbi.nlm.nih.gov/pubmed/19715426
http://doi.org/10.1186/1471-2334-10-78
http://www.ncbi.nlm.nih.gov/pubmed/20338067
http://doi.org/10.1097/INF.0b013e3182218656
http://doi.org/10.1097/JOM.0b013e31825902f5

Int. J. Environ. Res. Public Health 2021, 18, 3766 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Charbonneau, D.L.; Ponte, ] M.; Kochanowski, B.A. A Method of Assessing the Efficacy of Hand Sanitizers: Use of Real Soil
Encountered in the Food Service Industry. J. Food Prot. 2000, 63, 495-501. [CrossRef]

Tuladhar, E.; Hazeleger, W.; Koopmans, M.; Zwietering, M.; Duizer, E.; Beumer, R. Reducing viral contamination from finger
pads: Handwashing is more effective than alcohol-based hand disinfectants. J. Hosp. Infect. 2015, 90, 226-234. [CrossRef]
United States Pharmacopeia and National Formulary (USP 41-NF 36); Pharmacopeial Convention: Rockville, MD, USA, 2016.
Available online: https://online.uspnf.com/uspnf/document/GUID-AC788D41-90A2-4F36- AGE7-769954A9ED09_1_en-US
(accessed on 18 January 2019).

Institute of Medicine. Food Chemicals Codex, 5th ed.; The National Academies Press: Washington, DC, USA, 2003. [CrossRef]
Neufeld, M.; Lachenmeier, D.W,; Ferreira-Borges, C.; Rehm, J. Is alcohol an “essential good” during COVID-19? Yes, but only as a
disinfectant! Alcohol. Clin. Exp. Res. 2020, 44, 1906-1909. [CrossRef]

Government of Canada. Hard-Surface Disinfectants and Hand Sanitizers (COVID-19): Information for Manufacturers. 2020. Avail-
able online: https://www.canada.ca/en/health-canada/services/drugs-health-products/disinfectants/covid-19/information-
manufacturers. html# Hand-sanitizer_manufacturing_exchan (accessed on 14 June 2020).

Government of Canada. Hard-Surface Disinfectants and Hand Sanitizers (COVID-19): List of Hand Sanitizers Authorized
by Health Canada. 2020. Available online: https://www.canada.ca/en/health-canada/services/drugs-health-products/
disinfectants/covid-19 /hand-sanitizer.html (accessed on 14 June 2020).

Islam, T.; Pitafi, A.H.; Aryaa, V.; Wang, Y.; Akhtar, N.; Mubarik, S.; Xiaobei, L. Panic buying in the COVID-19 pandemic: A
multi-country examination. J. Retail. Consum. Serv. 2020, 59, 102357. [CrossRef]

Mustafa, R.; Purdy, S.K.; Nelson, E; Tse, T.].; Wiens, D.].; Shen, ].; Reaney, M.].T. Canadian policy changes for alcohol-based hand
rubs during the COVID-19 pandemic and unintended risks. World Med. Health 2021. Under review.

Health Canada. Technical-Grade Ethanol for Manufacture of Hand Sanitizers and Hard-Surface Disinfectants during the
COVID-19 Pandemic: Risk Assessment Summary Report. 2020. Available online: https:/ /www.canada.ca/en/health-canada/
services/drugs-health-products/natural-non-prescription/legislation-guidelines /covid19-technical-grade-ethanol-hand-
sanitizer/risk-assessment-summary-report.html (accessed on 11 January 2020).

Luyben, W.L. Control of a multiunit heterogeneous azeotropic distillation process. AICKE ]. 2006, 52, 623-637. [CrossRef]
Yardley-Jones, A.; Anderson, D.; Parke, D.V. The toxicity of benzene and its metabolism and molecular pathology in human risk
assessment. Occup. Environ. Med. 1991, 48, 437-444. [CrossRef] [PubMed]

Vane, L.M. Review: Membrane materials for the removal of water from industrial solvents by pervaporation and vapor
permeation. J. Chem. Technol. Biotechnol. 2018, 94, 343-365. [CrossRef]

Loning, S.; Horst, C.; Hoffmann, U. Dewatering of Solvent Mixtures—Comparison between Conventional Technologies and a
New One. Chem. Eng. Technol. 2001, 24, 242-245. [CrossRef]

Liu, S.Q.; Pilone, G.J. An overview of formation and roles of acetaldehyde in winemaking with emphasis on microbiological
implications. Int. J. Food Sci. Technol. 2000, 35, 49-61. [CrossRef]

Capeletti, M.R.; Balzano, L.; De La Puente, G.; Laborde, M.; Sedran, U. Synthesis of acetal (1,1-diethoxyethane) from ethanol and
acetaldehyde over acidic catalysts. Appl. Catal. A: Gen. 2000, 198, L1-L4. [CrossRef]

Meadows, G.W.; Darwent, B.D. The reactions of acetaldehyde with methanol. Can. J. Chem. 1952, 30, 501-506. [CrossRef]
Berardi, A.; Perinelli, D.R.; Merchant, H.A.; Bisharat, L.; Basheti, I.A.; Bonacucina, G.; Cespi, M.; Palmieri, G.F. Hand sanitisers
amid CoViD-19: A critical review of alcohol-based products on the market and formulation approaches to respond to increasing
demand. Int. |. Pharm. 2020, 584, 119431. [CrossRef]

World Health Organization. Guide to Local Production: WHO-Recommended Handrub Formulations. 2009. Available online:
https:/ /www.who.int/gpsc/information_centre /handrub-formulations/en/ (accessed on 19 January 2020).

Centers for Disease Control and Preventation. Guideline for Disinfection and Sterilization in Healthcare Facilities. 2008.
Available online: https:/ /www.cdc.gov/infectioncontrol/ guidelines/disinfection/disinfection-methods/chemical. html#:~{}:
text=Ethyl%20alcohol%2C%20at%20concentrations%200f,) %2058%2001%20poliovirus) %2049 (accessed on 19 January 2021).
Meyers, C.; Kass, R.; Goldenberg, D.; Milici, J.; Alam, S.; Robison, R. Ethanol and isopropanol inactivation of human corona-virus
on hard surfaces. J. Hosp. Infect. 2021, 107, 45-49. [CrossRef] [PubMed]

Gold, N.A.; Mirza, TM.; Avva, U. Alcohol Sanitizer. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.

Api, A. Toxicological profile of diethyl phthalate: A vehicle for fragrance and cosmetic ingredients. Food Chem. Toxicol. 2001,
39, 97-108. [CrossRef]

Tse, T.J.; Purdy, S.K; Shen, J.; Nelson, F.; Mustafa, R.; Wiens, D.].; Reaney, M.].T. Toxicology of alcohol-based hand rubs formulated
with technical-grade ethanol. Toxicol. Rep. 2021. Accepted.

Seitz, H.K.; Mueller, S. Molecular Mechanisms of Alcohol-Associated Carcinogenesis. Mol. Asp. Alcohol Nutr. 2016, 305-314.
[CrossRef]

Shabtai, Y.; Bendelac, L.; Jubran, H.; Hirschberg, J.; Fainsod, A. Acetaldehyde inhibits retinoic acid biosynthesis to mediate alcohol
teratogenicity. Sci. Rep. 2018, 8, 1-14. [CrossRef] [PubMed]

Lachenmeier, D.W. Safety evaluation of topical applications of ethanol on the skin and inside the oral cavity. ]. Occup. Med. Toxicol.
2008, 3, 26. [CrossRef] [PubMed]


http://doi.org/10.4315/0362-028X-63.4.495
http://doi.org/10.1016/j.jhin.2015.02.019
https://online.uspnf.com/uspnf/document/GUID-AC788D41-90A2-4F36-A6E7-769954A9ED09_1_en-US
http://doi.org/10.17226/10731
http://doi.org/10.1111/acer.14417
https://www.canada.ca/en/health-canada/services/drugs-health-products/disinfectants/covid-19/information-manufacturers.html#_Hand-sanitizer_manufacturing_exchan
https://www.canada.ca/en/health-canada/services/drugs-health-products/disinfectants/covid-19/information-manufacturers.html#_Hand-sanitizer_manufacturing_exchan
https://www.canada.ca/en/health-canada/services/drugs-health-products/disinfectants/covid-19/hand-sanitizer.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/disinfectants/covid-19/hand-sanitizer.html
http://doi.org/10.1016/j.jretconser.2020.102357
https://www.canada.ca/en/health-canada/services/drugs-health-products/natural-non-prescription/legislation-guidelines/covid19-technical-grade-ethanol-hand-sanitizer/risk-assessment-summary-report.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/natural-non-prescription/legislation-guidelines/covid19-technical-grade-ethanol-hand-sanitizer/risk-assessment-summary-report.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/natural-non-prescription/legislation-guidelines/covid19-technical-grade-ethanol-hand-sanitizer/risk-assessment-summary-report.html
http://doi.org/10.1002/aic.10650
http://doi.org/10.1136/oem.48.7.437
http://www.ncbi.nlm.nih.gov/pubmed/1854646
http://doi.org/10.1002/jctb.5839
http://doi.org/10.1002/1521-4125(200103)24:3&lt;242::AID-CEAT242&gt;3.0.CO;2-O
http://doi.org/10.1046/j.1365-2621.2000.00341.x
http://doi.org/10.1016/S0926-860X(99)00502-5
http://doi.org/10.1139/v52-061
http://doi.org/10.1016/j.ijpharm.2020.119431
https://www.who.int/gpsc/information_centre/handrub-formulations/en/
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/disinfection-methods/chemical.html#:~{}:text=Ethyl%20alcohol%2C%20at%20concentrations%20of,)%2058%20or%20poliovirus)%2049
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/disinfection-methods/chemical.html#:~{}:text=Ethyl%20alcohol%2C%20at%20concentrations%20of,)%2058%20or%20poliovirus)%2049
http://doi.org/10.1016/j.jhin.2020.09.026
http://www.ncbi.nlm.nih.gov/pubmed/32991941
http://doi.org/10.1016/S0278-6915(00)00124-1
http://doi.org/10.1016/b978-0-12-800773-0.00024-0
http://doi.org/10.1038/s41598-017-18719-7
http://www.ncbi.nlm.nih.gov/pubmed/29321611
http://doi.org/10.1186/1745-6673-3-26
http://www.ncbi.nlm.nih.gov/pubmed/19014531

	Introduction 
	Materials and Methods 
	Chemicals 
	Extraction of Gelled ABHRs 
	GC-FID Analytical Methodology 

	Results and Discussion 
	Conclusions 
	References

