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The recent global pandemic created an unprecedented demand for alcohol-based hand sanitizers. This

stimulated the entry of many new producers into the market, both to provide an alternative income

stream during the initial lockdowns, and to meet the needs of a society suddenly using far more sanitizer

than was available due to production and transport interruptions. Similarly, this created a need for

alcohol sources well beyond what had been produced for the consumer market. This has led to

numerous recalls of formulations in both the United States and Canada for exceeding the limits of

several key impurities, generally oxidized derivatives of ethanol, that could risk consumers' health. Some

of these recalls likely arise from the use of substandard ingredients, but others are less easily explained.

We hypothesized that the inclusion of hydrogen peroxide, and the possible introduction of metal salts

from processing could explain the levels of oxidative impurities. This study investigates these questions

experimentally using the standard WHO formula as the base formulation and finds that these proscribed

impurities readily arise in the presence of metal salts and an oxidizing agent.
Sustainability spotlight

COVID-19 highlighted the fragility of the global healthcare supply chains. This induced the rapid preparation of local sanitizers; but their impurities could
themselves prove a health threat. An understanding of how they can arise is essential to avoid this problem happening again. Safe locally-produced sanitizers are
essential for enhancing sanitation (SDG6) and good health (SDG3); their deployment is essential for reducing waste and fostering responsible production
(SDG12); and careful production is important in sustainable industrial design (SDG9), four of the UN Sustainable Development Goals. Properly constructed and
maintained infrastructure, coupled with an understanding of the challenges in converting lines to the emergency production of sanitizer, will be essential for
a rapid response to the next, inevitable, global pandemic.
1. Introduction

The sudden emergence of SARS-CoV-2,1 its quick spread, and
the continual emergence, through at least January 2024, of
novel variants of concern showing some avoidance of immu-
nosurveillance, has put the global health, economy, and
response to other existential challenges such as climate change,
in danger.1–3 As of January 2024, COVID-19 has been implicated
in at least 6.9 million deaths and 680million conrmed positive
cases worldwide,4 although excess mortality data suggests a far
higher number.5 In the early days of the pandemic, before the
airborne nature of the virus was conrmed, fomite
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transmission was a major concern and there was (and in some
cases remains) a focus on sanitizing surfaces and hands.6

Regardless of its utility for SARS-CoV-2, sanitizers will likely
continue to be more and more present in public spaces in
society moving forward as alcohol-based hand sanitizers (ABHS)
and handwashing effectively reduce the spread of pathogens.7

For healthcare settings, the CDC recommends ABHS with 60–95
percent alcohol (isopropanol or ethanol); too little alcohol and
the sanitizer is not effective, too much and it also loses misci-
bility and effectiveness. In most clinical contexts, an ABHS is
favoured over soap and water unless hands are visibly soiled
(wherein alcohol-based sanitizers are not effective) due to
evidence of higher user compliance for ABHS use than for soap
and water.8 Many of the hand sanitizers on the market are
derived from the WHO recommended liquid formulation. The
WHO specically recommends 80% ethanol or 75% isopropyl
alcohol.9 These ABHS are effective against Gram-positive and
Gram-negative bacteria, as well as enveloped and non-
enveloped viruses, mycobacteria, and fungi; 85% ethanol
eliminates 105 (99.999%) Gram negative or Gram positive
bacteria in 15 seconds.10 Ethanol is highly efficient against
RSC Sustainability, 2024, 2, 701–709 | 701
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viruses, while isopropanol is thought to be the better bacteri-
cidal agent, but both are more than suitable. Alcohols mixed
together may have a synergistic impact.11

Along with the alcohol and water, ABHS typically contain
a range of thickening agents, humectants, stabilizers,
fragrances, emollients, moisturisers, emulsiers, and plant-
sourced essential oils.12 Humectants, such as Glycerol, are
widely employed to prevent skin dehydration, extending the
time it takes for alcohol to evaporate and boosts its biocidal
activity.13 Emollients and moisturizers, like aloe vera, help to
replenish part of the water lost from the skin. Likewise,
hydrogen peroxide (H2O2) is recommended by the WHO as an
antiseptic to eliminate bacterial spores that might be intro-
duced during manufacture.9,14

Raw materials destined for the pharmaceutical and food
industries must typically meet minimum quality criteria, such
as those dened in monographs published by the Food
Chemicals Codex (FCC)15 and the United States Pharmacopeia
(USP).16 During the COVID-19 epidemic, there was an unprece-
dented increase in demand for hand sanitizer products,
resulting in global shortages of USP grade, pharmaceutical, and
food-grade ethanol, and isopropyl alcohol (IPA).17 The FDA and
Health Canada both issued a notice to industry on April 15,
2020 on the time-limited approval of particular sources of fuel
or technical-grade ethanol for use in the production of hand
sanitizers.18,19 However, the change in production did lead to
the introduction of impurities.20

Specic impurities are regulated in North America under
these temporary regulations (Table 1). In addition, if the total
amount of all other impurities exceeds 300 ppm, all individual
impurities must be determined and pass the interim limits
listed in Table 2. Despite this relaxation in standards, some new
ABHS have been recalled by both the American FDA and Health
Canada as they have been determined to contain unacceptable
grades of ethanol or excessive amounts of cancerous chemicals
such as ethanal (acetaldehyde), ethyl acetate, methanol or the
unauthorized medicinal ingredient n-propanol.21,22 In many
cases, this likely arose from poor quality feedstocks as methanol
and propanol impurities are commonly found in lower grades
of ethanol; however, this was not always the cause as many
producers obtain their ethanol from certied sources with
excellent quality control. Consequently, ethanal and ethyl
acetate appear to be arising spontaneously in the product. How
is this happening, and how can it be suppressed?

Of all the potential impurities, ethanal is of specic concern.
It may cause cancer in consumers and could lead to serious
illness or death.23 Ethanal is suspected to be genotoxic, and
Table 1 FDA and Health Canada limits on class 1 impurities in ABHS

Impurity Interim limit under FDA p

Methanol NMT 630 ppm
Benzene NMT 2 ppm
Ethanal (acetaldehyde) NMT 50 ppm
Acetal (1,1-diethoxyethane) NMT 50 ppm
Sum of all other impurities NMT 300 ppm

702 | RSC Sustainability, 2024, 2, 701–709
potentially carcinogenic, when in direct contact with tissue.18,19

Ethyl acetate, acetal, and acetic acid, the other three impurities
of interest are important as they would be downstream
byproducts arising from ethanal formation. In this study, we
have investigated possible pathways which may lead to the
formation of these impurities in ABHS by studying synthetic
formulations generated with common additives, and quanti-
fying the content of the impurities of interest as a function of
time.

2. Materials and methods
2.1. Materials

USP Ethanol, 200 proof, was purchased from IGPC Ethanol Inc.
(Leamington, Canada). Glycerol was purchased from Windy
Point Soap Making Supplies Inc. (Calgary, Canada), carbomer
(Carbopol 945) was obtained from the Lubrizol Corporation
(Wickliffe, OH, USA). Hydrogen Peroxide 35%, ferrous sulphate,
triethanolamine 98%, and EDTA were purchased from Sigma-
Aldrich (St. Louis, USA). Ethanal and ethyl acetate (HPLC
grade) and an ethanal diethyl acetal standard were purchased
from Sigma Aldrich, Canada.

2.2. Methods

2.2.1. Preparation of the hand sanitizer. The ABHS (Table
3) were prepared by adding each ingredient in the order listed at
ambient temperature (23.5 °C), one by one, with thorough
mixing to homogeneity aer each addition. The only exception
to this process is Formula F-6, in which the carbomer was added
to the water, pH neutralized with triethanolamine (to pH 7.0),
before the other ingredients were added. Once all ingredients
were added, the solutions were mixed for an additional 30
minutes at 300 rpm. Each formulation was divided and stored
in two separate sealed vessels (limited headspace above the
sample, but sealed under atmospheric conditions), one at room
temperature (RT), and the second at 45 °C for up to 60 days.
Over this time period, 1 mL aliquots were withdrawn for anal-
ysis by GC-MS at days 0, 1, 2, 7, 14, 21, 28, 42, and 56.

2.2.2. GC-MS analysis method. ABHS analysis was carried
out using a PerkinElmer Clarus 590 GC with an SQ 8 MS (EI)
detector. The GCMS was equipped with an automatic liquid
sampler with a 5 mL volume capacity syringe. An Elite-624sil
MS L 30m (ID 0.25 mm, 1.4 mm lm) column with ow rates
of 1.0 mL min−1 of Helium as a carrier gas was used for sepa-
ration of the contaminants. Mass spectrometer (MS) scan mode
in range of 50–300 amu was used for analysis while the transfer
line and source were kept at 150 and 250 °C, respectively. The
olicy19 Interim limit under Health Canada policy18

NMT 200 ppm
NMT 2 ppm
NMT 75 ppm
Not reported
NMT 300 ppm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 FDA limits on class 2 impurities in ABHS should all non-class 1 impurities combined exceed 300 ppm

Impurity Interim limit under FDA and Health Canada policy18,19

Acetone NMT 4400 ppm
n-propanol (1-propanol) NMT 1000 ppm
Ethyl acetate NMT 2200 ppm
Sec-butanol (2-butanol) NMT 6200 ppm
Iso-butanol (2-methyl-1-propanol) NMT 21700 ppm
n-butanol (1-butanol) NMT 1000 ppm
Iso-amyl alcohol (3-methyl-1-butanol) NMT 4100 ppm
Amyl alcohol NMT 4100 ppm
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initial oven temperature was set to 35 °C and held for 2min. The
temperature was ramped rst to 75 °C at 10 °C min−1 and held
for 1 min; then to 180 °C at 20 °C min−1 and held for 1 min and
nally, ramped to 260 °C at 20 °C min−1 and held for 2 min.
Carrier gas split ratio was set to 120 : 1 and 1 mL of sample was
injected per run.

2.2.3. GC-FID analysis method. Quantication of ethanal,
ethyl acetate, and acetal was performed using a PerkinElmer GC
Clarus 590 instrument tted with a Flame Ionization Detector
and equipped with a DB-wax capillary column (Agilent) of
dimensions 30 m by 0.25 ID and 0.25 mm lm thickness.
Injection of 0.5 mL samples was conducted in split mode (1 : 60)
under the following conditions: injection port set at 220 °C,
oven temperature set at 35 °C for 3 min, then programmed at
a rate of 10 °C min−1 to 70 °C and held for 2 min, a further
increase in temperature at 20 °C min−1 to 180 °C held for 1 min
and a nal increase at 20 °C min−1 to 230 °C held for 2 min.
Flow rate of the carrier gas nitrogen (5.0 grade) was 1 mL min−1

and FID detector set to 250 °C. Standard dilutions of known
concentration were analysed, and calibration curves generated
for quantication of target analytes.

2.2.4 Validation of GC methods. Validation of the GC
acquisition method was performed by determining linearity,
precision, selectivity, specicity, LOD and LOQ of the method
for proper identication and quantication of the target ana-
lytes in the samples. Multiple injections per standard dilutions
were performed, and their retention times and peak areas were
recorded. A range of 0.05 to 99.40 mg mL−1 for ethyl acetate,
0.04 to 81.11 mg mL−1 for ethanal and 0.01 to 41.24 mg mL−1

for acetal were used to determine linearity and precision, as well
LOD and LOQ for the instrument used for analysis. For selec-
tivity and specicity, blank injections devoid of the target
Table 3 Composition of the evaluated ABHS

Ingredients F-0 F-1 F-2 F-3

Distilled water — To 100% To 100% —
HPLC water — — — To 10
Hydrogen peroxide (35%) — — 0.36% —
Glycerol — 1.45% 1.45% 1.45%
Ferrous sulfate — — — —
Carbopol 945 — — — —
EDTA — — — —
Ethanol 100% 80% 80% 80%

© 2024 The Author(s). Published by the Royal Society of Chemistry
analytes were acquired and the chromatograms observed within
the time window for elution of target analytes. The results are
provided as Table S1.†
3. Results and discussion

We considered that ABHS impurities can arise from three
sources: (1) impure rawmaterials; (2) process-related impurities
where potential contaminants can be introduced during
manufacture, such as gasoline and benzene, where transfer
occurs from machinery or containers;19 or emergent
formulation-based impurities that arise from chemical reac-
tions of pure ingredients that can be affected by the environ-
ment or the presence of unexpected catalysts. The chemical
community is aware of how easy it is for even very low and
undesirable catalyst loading to affect chemistry.24
3.1 Generation and evaluation of formulations

Nine different formulations were produced to investigate the
emergence of the impurities from highly pure feedstocks (Table
3). F-0 was created with 100% ethanol as a control and to
determine if measurable impurities arise due to simple storage.
F-1 contains 80% ethanol, and the WHO-recommended dose of
glycerol – it was completed with deionized water. F-2 is identical
to F-1 with the addition of the H2O2. The F-3 and F-4 formula-
tions are identical to F-1 and F-2, respectively, with the distilled
water replaced by HPLC-grade water to evaluate the effect of
water sources. The difference is expected to be in the process-
ing: deionized water, although highly pure, is prepared in
a central facility at the University of Windsor, is transported to
the taps through standard copper and PVC tubing: there is the
potential for the introduction of impurities. HPLC-grade water
F-4 F-5(1) F-5(2) F-6 F-7

— To 100% To 100% To 100% To 100%
0% To 100% — — — —

0.36% 0.36% 0.36% 0.36% 0.36%
1.45% 1.45% 1.45% 1.45% 1.45%
— 0.10% 0.02% — —
— — — — 0.5%
— — — 0.10% —
80% 80% 80% 80% 80%

RSC Sustainability, 2024, 2, 701–709 | 703

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00286a


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

5/
20

25
 1

:5
5:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
on the other hand is rated to contain nearly undetectable levels
of impurity. F-5(1) and F-5(2) are prepared by adding 0.1% and
0.02% Fe2SO4 to F-2 respectively. Metal impurities could cata-
lyze the oxidation of ethanol by H2O2 and/or oxygen.25,26 Iron
salts would not be expected to be native in ABHS but may be
introduced due to the manufacturing environment (e.g.,
equipment, containers or even ingredients). Formulation F-6
was obtained by adding 0.1% EDTA as a chelating agent to F-
2; EDTA would sequester any metals present in the solution
and acts as a control on the rest of the formulation. The nal
formulation, a gel rather than a liquid, F-7, was obtained by
adding 0.5% of carbomer to F-2. The physical and chemical
properties of all liquid formulae are similar: all are clear col-
ourless liquids, except F-7 which is a gel-liquid formulation with
a viscosity of 12 400 cps at 25 °C, imitating leading commer-
cially available gel-like formulations. For the impurity analysis
we stored one set of samples in an oven set at 45 °C, and the
second set at ambient temperature, ranging between 21 and
23 °C over the study period.

3.2 Formulation stability tests

To determine that all formulations were valid and stable,
a centrifugation assay was carried out. The samples were
centrifuged at 3000 rpm for 30 minutes at RT, no pellet or
separation was observed. The temperature stability of each
sample was evaluated by storing aliquots of the materials in
duplicate under four different conditions: 5 °C, 23.5 °C, 45 °C
and 55 °C for three months; in all cases the materials retained
their consistency. On another set of aliquots of the above
samples a freeze–thaw cycle was performed, heating and cool-
ing the samples between −10 and +42 °C, with two cycles every
24 h, for 2 weeks (28 cycles total). Daily visual checks were
performed.27 All formulations were stable under all these tests.

3.3 Quantitative analysis of impurities

Samples were injected neat into the GC instrument. Ethanol
(80%) was a common additive to all samples during the
formulation process and its concentration measured to ensure
validation of formulation method and stability during storage
of samples in −80 °C before GC analysis. The chromatogram
(Fig. S1†) shows the proportion of ethanol in two different
samples analyzed at different times in the study. There was no
relative difference observed in ethanol concentration between
samples and taking into consideration that both samples were
prepared and analyzed at different times during the study, this
observation indicated that there was no meaningful loss of
solvent during storage. In addition, samples, once aliquoted
from the test samples, were stored in sealed vials with
unpunctured septa lined caps at −20 °C to ensure no loss of
solvent during storage or analysis.

Validation of GCFID and GCMS acquisition methods for
determining specicity showed no co-elution of other analytes
with target analytes in this study. The limits of detection and
quantication determined for the respective analytes, as well as
their retention times are reported in Table S1.† Chromatograms
of blanks and samples acquired to determine specicity of the
704 | RSC Sustainability, 2024, 2, 701–709
method for detecting target analytes showed no co-elution of
other compounds with the target compounds. Furthermore,
chromatograms (Fig. S7†) of (a) blank, (b) sample and (c)
standards show no co-elution of other compounds with target
compounds. For precision of method, repeat injections of the
same concentration of standards showed no relative difference
in analyte concentration between injections. An RSD value of
less than 2% was measured across multiple repeat injections of
the three target analytes at the various standard dilutions; the
RSD was as low as 0.6% for ethyl acetate. The methods used are
appropriate for measuring the content of the hand sanitizers.

We tracked the emergence of ethanal in our formulations
and hypothesized it would be time dependent. This was only
partially the case. In our pure ethanol, F-0, the concentration
began at, and remained below, 54 ppm at maximum, even at
45 °C, with the average remaining well under 50 ppm (Fig. 1).
Upon the addition of glycerol and distilled water (F-1), there was
no meaningful change in the initial concentration of ethanal;
however, at 45 °C, ethanal steadily rose to 298 ppm aer 45
days. In F-2, wherein we added the H2O2, even at ambient
temperature, the ethanal concentration spiked immediately
before falling off (there was no ethanal detected in the source
H2O2); in samples stored at 45 °C, this increase is far more
signicant rising to 300 ppm. In F-3 and F-4 wherein we
replaced the distilled water in F-1 and F-2 with HPLC water
respectively (Fig. 1b), the pattern resembles F-1 and F-2. Glyc-
erol alone induces a rise in ethanal, and H2O2 a larger rise, and
this is accentuated at higher temperatures. The level of purity of
the water, within reason, does not seem to be an issue (Fig. 1).

We were surprised that simply including WHO-
recommended levels of highly puried ingredients (not neces-
sarily the feedstock in commercial sanitizers which might use
lower grade materials) was sufficient to raise ethanal levels
above FDA and Health Canada levels. But we believed that this
was not the full story for the recalls. We worried that even small
amounts of metal salts could potentially catalyze ethanol
decomposition, the generation of reactive oxygen species, and
ethanal formation.28 These salts could easily be introduced
from any rust in water lines or processing machinery. This
would be unthinkable in a well regulated facility, but during the
pandemic many new processing lines were retooled or brought
on-line that might not have been as well cared for. Conse-
quently, to simulate this situation, we added both 1000 and
200 mg L−1 FeSO4 to F-2 to generate F-5(1) and F-5(2) (Fig. 1c).
The ethanal concentration in the presence of 1000 mg L−1 of
ferrous sulfate rose right away in the rst few days, and this
happens at both test temperatures. In F-5(2), with the lower
concentration of metal salt, the initial rise is lower, but the
maximum ethanal concentration reached is higher (726 ppm,
15-fold the FDA limit); curiously we do not see a signicant
effect of temperature on either reaction. Ethanal levels are
higher than that observed in any other formulation suggesting
that catalysis is occurring. For F-6 we added the metal chelator
EDTA to F-2 to sequester any metal impurities (Fig. 1d). EDTA
does appear to stabilize the solution, especially at 45 °C. Finally,
we investigated the effect of adding an “inert” gelling agent
(carbomer) on F-7 (Fig. 1d). Carbomer is an acrylic acid polymer,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Analysis of ethanal concentration in ABHS. Analysis at ambient temperature is represented as (:); that at 45 °C by (-). (a) Comparison of
the ethanol blank, and the samples with glycerol, and glycerol and hydrogen peroxide added; (b) comparison with samples using HPLC-grade
instead of distilled water; (c) comparison between samples spiked with ferrous sulfate and the metal free formula; (d) comparison between EDTA
spiked and distilled water prepared standard formulations, and between standard formulations and the carbomer gel formulation.

Scheme 1 Proposed oxidation and sequestration pathways. Acetal is
contraindicated in ABHS due to the relatively high concentration of
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and we neutralized it with ethanolamine to generate the mixed
salt in solution as is generally done in the cosmetic industry.29

This also increased the concentration of ethanal compared to
the native F-2. Using a GC-FID technique to determine the
ethanal content in the formulated ABHSs, gave a similar trend
to the values obtained by GC-MS (Fig. S2†). This cross-validation
was done to demonstrate that the results were not a gment of
the detector choice.

Introducing additives initiates ethanol oxidation to ethanal.
Although it is well established that this can arise from yeast or
bacterial metabolism,30 this is unlikely in a formally antiseptic
formulation. Other data from our lab demonstrates that these
formulations are highly effective for eliminating bacterial and
yeast cultures (see ESI Fig. S3†). Instead, the data is consistent
with themechanism being partially due to the presence of metal
salts that can generate ROS to oxidize ethanol. This is not
unprecedented.

Ethanal is generated in the gas phase reaction of ethanol
vapour over copper, vanadium, or molybdenum metal oxide
catalysts via oxidative dehydrogenation.31 Similarly, in solution
phase, adding ethanol to a mixture of vanadyl ions and H2O2

results in a minor yield of ethanal which increases as a function
of ethanol concentration.32 Ethanol oxidation by aqueous H2O2

and ferric salts has also been reported.25,26 Merz and Waters'
proposed a reasonable free radical chain reaction mechanism
to explain the oxidation, with hydroxyl radicals produced by the
interaction between the iron centre and hydrogen peroxide
© 2024 The Author(s). Published by the Royal Society of Chemistry
initiating the oxidation process.26 The primary products of such
a ferric ion-catalyzed oxidation, according to Heitler and
collaborators, were ethanal and acetal.25 It seems feasible that
a small concentration of H2O2 in the presence of metal impu-
rities such as Na, Mg, Ca, or Fe could be the reason for the
observed generation of ethanal in ABHS.

However, it is curious that ethanal concentrations do not
always rise steadily in our ABHS formulations: initial high levels
can fall off, and the rise also seems to slow at various threshold
values. There also appears to be an induction period for some of
the examples. We considered whether this was because ethanal
was not the nal product of the process, but simply an inter-
mediate. In the presence of ethanol and acidic catalysts, ethanal
can be readily converted to 1,1-diethoxyethane, confusingly
water and lack of strong acid catalyst.

RSC Sustainability, 2024, 2, 701–709 | 705

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00286a


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

5/
20

25
 1

:5
5:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
commonly referred to as “acetal” in the regulatory industry
(Scheme 1).33–35 Health Canada requests acetal content be
provided in the USP alcohol monograph but has no explicit
limit, while the FDAmandates less than 50 ppm in ABHS; under
normal circumstances this is well above the extant amount
present. The acetal is of course in equilibrium with ethanal in
the presence of water, favouring ethanal;18 the acetal formation
is more favoured in anhydrous conditions which are rarely
found in ABHS.33,36 This equilibrium is consequently likely not
the reason that ethanal levels are stabilizing. Further oxidation
to acetic acid and esterication to ethyl acetate may be one
potential end point for this process. To evaluate this possibility,
we quantied acetal levels as a function of time (Fig. 2) by using
GC-FID.

The initial concentration of acetal in all formulations is less
than 75 ppm, and it appears that the variation in acetal
concentration is temperature independent. Furthermore, the
change in acetal in all formulations follows a consistent pattern:
the concentration of acetal in the formulations increases and
falls multiple times. It may be established that uctuations in
acetal concentration are not caused by formulation or addi-
tions. Acetal levels in the presence of a metal salt, F-5, reach
a maximum of 628 ppm, higher than that observed in any other
formulation. However, even in this case, only a small amount of
the acetal remained aer two months. Also, the amounts of
acetal and ethanal were added together and reported as one
gure since it seemed likely that acetal would undergo hydro-
lysis (Fig. S4†). These total levels remain largely constant over
Fig. 2 Analysis of acetal concentration in ABHS. Comparison between (a
comparison of F-2, F-6 and F-7 formulations. Analysis in RT was shown

706 | RSC Sustainability, 2024, 2, 701–709
the study for any given formulation, suggesting a steady state is
attained.

Ethanal is an intermediate in the production of acetic acid.37

Ethanal (acetaldehyde) derivatives (ACTD) can also be present
as impurities. The peak related to this impurity was identied
by GC-FID(DB-Wax) (Fig. S5†). In all the formulations the
concentration of the ACTD impurity is around 250 ppm at the
beginning of the study and aer two months it decreases
slightly. However, the type of formulation has no noticeable
effect on this impurity. It is likely present in the ethanol starting
material, even in high purity ethanol.

We then quantied the ethyl acetate levels as a function of
time (Fig. 3), especially as it is another regulated impurity (note,
the acetic acid intermediate is not regulated, as at low
concentrations vinegar is generally regarded as safe and is oen
used as a food additive).25,26,31,32,38 The concentration of ethyl
acetate is lower than 100 ppm in the ethanol feedstock over the
entire study regardless of temperature (F-0, Fig. 3a). Even by
preparing glycerol and H2O2 containing F-1 and F-2 (Fig. 3a),
and F-3 and F-4 (Fig. 3b) the maximum concentration ethyl
acetate remains below 100 ppm. Adding the iron salts, F-5(1)
and F-5(2), and letting stand at ambient temperature, does
slightly increase the concentration of ethyl acetate reaching
a maximum of 149 ppm aer 45 days (Fig. 3c). However, by
increasing temperature to 45 °C the rate of oxidation increases
and the and the concentration of ethyl acetate increases daily,
reaching 632 ppm, approximately 9 times higher than the
formula without heavy metal impurities and around 4 times
higher than the ambient temperature. Adding EDTA (F-6) keeps
) F-0, F-1 and F-2; (b) F-1, F-3 and F-4; (c) F-2, F-5(1) and F-5(2) and (d)
by (:) and in 45 °C was shown by (-).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Analysis of ethyl acetate concentration in ABHS. (a) F-0, F-1 and F-2; (b) F-1, F-3 and F-4; (c) F-2, F-5(1) and F-5(2) and (d) comparison of F-
2, F-6 and F-7 formulations. Ambient ageing is represented by (:) while the samples incubated at 45 °C are shown by (-).
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the ethyl acetate levels low, and although the carbomer gelling
agent raises the initial levels, this might be due to the presence
of residual acetic acid in the polymer being consumed rather
than any independent catalytic activity (Fig. 3d). Using the GC-
FID technique to determine the ethyl acetate content in the
formulated ABHSs, gives a similar pattern to GC-MS (Fig. S6†).
In formulae F-5(1) and F-5(2) alone, the GC-FID method does
suggest higher concentrations for ethyl acetate than the GC-MS
method. The samples are the same and were analyzed at the
same time.

Consequently, the only factor that appears to meaningfully
increase ethyl acetate content is the presence of metal salts.
This is potentially partially due to the increased ethanal content
driving oxidation forward, but they might also be acting as
Lewis Acids to accelerate the Fischer esterication of acetic acid
with ethanol. This is, aer all, one of the industrial syntheses of
ethyl acetate.39 It is also potentially possible that ethyl acetate is
arising directly from the disproportionation and dehydrogena-
tion of ethanol; a process used to make ethyl acetate directly
with copper catalysts (eqn (1)).40

2C2H5OH / CH3COOC2H5 + 2H2 (1)

We consider this latter process extremely unlikely as it does
generally require a steel autoclave under high pressure
temperature.41 Ethanol can be selectively oxidized to ethyl
acetate in the presence of ethanal and phosphoric acid,42 but
the strong acid is lacking in ABHS. It is far likely that we are
seeing a simple acceleration of the background Fischer process.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusion

Impurities in ABHS have been responsible for multiple recalls
of commercial sanitizers as the levels of the impurities present
have been deemed to put citizens' health at risk. Technical
grade, i.e. insufficiently pure, ethanol was certainly responsible
for most of the impurities in hand sanitizer according to the
FDA's reports for the recall of hand sanitizers. However, it is not
the only problem. In order to inactivate contaminating bacterial
spores in the solution, the WHO suggests adding 0.125% of
hydrogen peroxide for local production of sanitizers.7 This risks
oxidation chemistry leading to the formation of ethanal, acetal,
or ethyl acetate contaminants, especially if the materials come
in contact with metal salts. As a result, the FDA should inves-
tigate the possibility that in some of the recalled hand sani-
tizers, the main alcohol used in the production stage had an
acceptable amount of impurity and that the level of impurity
rose owing to the WHO guideline. These results should help
producers consider their manufacturing lines and may help
identify and prevent such issues in the future. We recommend
that if impurities may be present, a small loading of EDTA,
a food-safe additive, can compensate. We recognize that the
COVID-19 ABHS emergency is long over, as the combination of
traditional suppliers ramping up production, and decreased
consumer use have reduced stresses on the system. However,
experts consider it likely that another pandemic is likely to
emerge as global integration, climate change, and human–
animal interaction continues.43,44 We hope this information will
RSC Sustainability, 2024, 2, 701–709 | 707
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not be needed. But we unfortunately expect it will be, and will
help avoid the mistakes learnt in 2020.
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