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Using alcohol-based disinfectants is an effective method for preventing the spread of COVID-19. However, non-
traditional manufacturers of alcohol-based disinfectants, such as ethanol plants, need to undergo additional
treatment to curb their impurities to limits set by the Food and Drug Association (FDA) to produce alcohol-based
disinfectants. To transform them to disinfectant-grade alcohol, 17 process streams in a dry-mill ethanol plant
were analyzed to determine the quality parameters for acetaldehyde, acetal, propanol, methanol, and water,

including chemical oxygen demand, total suspended solids, and nutrients. Results suggest that the process stream
generated by the distillation column requires further treatment because the acetaldehyde and acetal concen-
trations are significantly higher than the impurity limit set by the FDA. The addition of a second distillation
column could be a potential method for addressing impurities and it will have minimal influence on hazardous
air pollutant generation and water use.

1. Introduction

The COVID-19 pandemic has affected nearly every country across the
globe. Disinfection of hands and surfaces can help prevent its spread.
Alcohol-based sanitizers have become a standard for disinfecting
frequently touched surfaces. They serve as a substitute when soap and
water are not readily available (Bloomfield et al., 2007). Alcohol-based
sanitizers are 90%-99.9% effective depending on the target pathogen
(Tuladhar et al., 2015). Disinfection products were in high demand at
the start of the pandemic (March 2020), and suppliers were struggling to
keep up owing to a lack of raw materials. Demand for alcohol-based
disinfectants are still high to this day and the market for disinfectants
is growing exponentially across the globe (Research Dive, 2021).

The Food and Drug Association (FDA) has strict limits on impurity
concentrations in hand sanitizers but has temporarily raised said limits
and associated regulations to allow nontraditional manufacturers to
enter the market and meet the growing demand (FDA, 2020). The
interim standards were instituted on January 31, 2020, with the
declaration of a public health emergency by the Secretary of Health and
Human Services (HHS). These interim standards will cease and revert to
the traditional standards once the public health emergency is over.

Interim and normal impurity limits are listed in Table S1.

Ethanol plants, a nontraditional manufacturer of alcohol-based dis-
infectants, began producing alcohol-based disinfectants during the
COVID-19 pandemic (Voegele, 2020). This is because as the demand for
alcohol-based disinfectants increased as the demand for ethanol fuel has
decreased. Some US ethanol plants restructured to provide ethanol
production for hand sanitizers (Kelly, 2020; Reed, 2020). The World
Health Organization has two formulations of alcohol based disinfectants
with an active ingredient of either isopropyl alcohol or ethanol the latter
in which is produced by ethanol plants (World Health Organization,
2009).

The production of ethanol from corn starch biomass is a multistep
process. The process begins with the cleaning, grinding, liquefaction,
and saccharification of corn starch to turn it into a fermentable mash.
Dry mill ethanol plants use corn as the raw material for production.
Once the corn is converted into mash, the corn will go through the
fermentation process where yeast is added. The fermentation process
produces beer containing 10% alcohol which is sent to a distillation
tower to separate the alcohol from the solids and water where they will
be treated and disposed of (Eidman, 2007). Impurities generated from
the fermentation of corn starch include esters, organic acids, and higher
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alcohols (Onuki et al., 2015). The final product produced by distillation
contains 95% alcohol and 5% water.

Incorporation of additional treatment methods is necessary for
ethanol plants to address the impurities generated during the fermen-
tation process because several fermentation byproducts may be present
at concentrations above the specified FDA limits. Tests have been con-
ducted on the final byproducts (Habe, 2013); however, there is little
data in the literature concerning the concentrations of these compounds
within ethanol-plant process streams. The incorporation of additional
treatment methods may affect the amount of hazardous air pollutants
(HAPs) and greenhouse gas (GHG) emissions in a negative manner. In
addition, there is little data in the literature characterizing the streams
within an ethanol plant in terms of their overall water quality parame-
ters; this data is useful when considering potential treatment options and
understanding the potential implications of accidental releases for spe-
cific streams.

During the production of ethanol from the fermentation of corn,
volatile HAPs are generated and potentially released. The major gaseous
HAPs generated from ethanol production are formaldehyde, acetalde-
hyde, and acrolein (Brady and Pratt, 2007). The Environmental Pro-
tection Agency regulates the quantity of HAPs released by each plant
into the environment (USEPA, 2018). HAP emissions from ethanol
plants are measured in a tons/year basis and have specific limits set by
the National Emission Standards for HAP (NESHAP). Carbon dioxide
(COy) scrubbers and thermal oxidizers are often used to treat these HAPs
(US Environmental Protection Agency, 2021). Exposure to HAPs could
cause negative impacts to the immune system, fertility, neurological
problems in addition to the increased cancer risk.

In addition to meeting emission standards set by NESHAP, many
ethanol facilities are seeking methods to reduce their GHG footprint to
increase their market share and profitability. An example of this trend is
California’s low-carbon fuel standard (LCFS) carbon credit system,
which incentivizes creating low-carbon intensity fuels (California Air
Resources Board, 2020). US ethanol producers can generate credits,
which can be exchanged for monetary value, by reducing CO, emissions
in production processes (Batres-Marquez, 2017). Unfortunately, the
addition of treatment processes to meet impurity standards for hand
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sanitizer may complicate the reduction of GHG emissions.

The goal of this study is to support the global fight against COVID-19
by assisting the ethanol industry in producing of alcohol-based hand
sanitizers by identifying the concentrations of harmful fermentation
byproducts at different plant locations and to provide information to
researchers examining the influences of this transition. Understanding
the impurity concentrations within the process streams of an ethanol
plant can help with respect to developing new treatment methods,
optimize unit operations, and understand the associated impacts on air
and water emissions from the impurities and possible treatment pro-
cesses. These data may be helpful in identifying possible streams that
could be used as an input to innovative waste treatment processes
developed for the ethanol industry, such as bio-scrubbers for air emis-
sions (Duerschner, 2020). This study examines data from one dry-mill
ethanol plant (hereafter referred to as the plant), and although opera-
tions in other facilities will not be the same, it is believed that the
general concentration and mass flow rates for the impurities will be
similar to other dry-mill ethanol plants.

2. Materials and methods

2.1. Ethanol plant description and potential locations for impurity
generation

A process flow diagram of the plant, representing most US dry-mill
ethanol plants, is shown in Fig. 1. Seventeen samples were acquired
from locations across the plant.

The plant operates based on the process streams with solid lines.
Unlike some ethanol plants, the plant omits the use of a thermal oxidizer
for the treatment of HAPs and does not contain a second distillation
tower. The treatment of ethanol is solely dependent on molecular
sieving after initial distillation.

Unlike the purification process used by the plant, another common
design method to purify ethanol is based on the solid lines in combi-
nation with the gray dashed lines indicated in Fig. 1. The black streams
in the diagram are streams that nearly all ethanol plants share.
Accordingly, it is assumed that the stream compositions examined
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herein are similar to most ethanol plants.

There are several different treatment options for reducing impurities
in ethanol. The common method for treating impurities, in particular
acetaldehyde, is the use of a rectifying column. A rectifying column is a
second distillation column that further purifies the ethanol (Summers,
2006). Stream 19 in Fig. 1 feeds into a rectifying column. A degassing
system, which is a part of the rectifying column, can enhance acetal-
dehyde reduction within the rectifying column, allowing a small amount
of vapor to escape from the last condenser to eliminate acetaldehyde
content (Batista and Meirelles, 2009). However, degassing systems have
the drawback of bioproduct loss. A common method for treating
fuel-grade ethanol to produce food-grade ethanol is ozonation, followed
by activated carbon adsorption and then gas stripping with CO5 (Onuki
et al., 2015). The location for the treatment system of these impurities is
dependent on the process streams wherein impurities are generated. The
treatment system can be placed after the molecular sieve to treat Final
Product 25.

2.2. Impurity analysis

Seventeen stream samples were analyzed for acetaldehyde, prop-
anol, methanol, and acetal concentrations. Streams that had high solid
content (Mash 1 & 2, Beer 3 & 4, Thin Stillage 9/10/11, Bottoms 7, and
Corn Oil/Syrup 12) were centrifuged, and the supernatant was analyzed.
The solid portion of the centrifuged samples was separately analyzed for
the same compounds. The concentration of each compound was
normalized by the concentration of total suspended solids (TSS).

Impurity analysis was accomplished by the Entech 5800 SPDU
vacuum-assisted sorbent extraction (VASE) headspace sorbent pens
(Entech, 2020a) in conjunction with the Agilent 7820A gas chroma-
tography system with mass spectrometry detector (Santa Clara, CA) For
liquid samples, a 2-mL aqueous sample was placed in a glass vial. For
solid samples, a 1.0-g solid material was placed in a glass vial. A VASE
pin was inserted into the vial, and then a 30-mm mercury vacuum was
applied to the pin, which ensured that volatile organic compounds in the
headspace were adsorbed by the pin. The sample was then placed in a
Entech 5600-SPES Sorbent Extraction System for 3 h at 70 °C and 200
rpm (Entech, 2020b). After incubation, the samples were placed in a
cold tray for 10 min. VASE pin samples were then examined via GC-MS
to analyze impurities formed in the vial headspace.

After the solid samples were prepared for VASE extraction, the glass
vial containing the solids was placed in an oven at 100 °C for 2 h. The
glass vial was weighed subsequent to heating to calculate the total mass

Table 1
Plant process stream COD and impurity concentrations.
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of the solids.
2.3. Analysis of major water properties

Total phosphorous (TP) was determined using TNTplus method
10209 (Hach, 2013a). Total nitrogen (TN) was determined using
TNTplus method 10208 (Hach, 2018). The chemical oxygen demand
(COD) was determined using TNT 820 vials and the reactor digestion
method (Hach, 2017). All vials were analyzed using a Hach DR2800
(Hach, 2013b). TSS was analyzed using standard wastewater analysis
techniques (Baird et al., 2017).

3. Results

All 17 stream samples were analyzed for acetaldehyde, propanol,
methanol, acetal, and COD concentrations as a measure of the overall
organic matter. Three of the five compounds measured are regulated in
the final product of alcohol-based sanitizers. The results of the liquid and
solid analysis are presented in Table 1. Fig. 2(A) presents the flow
throughout the plant in terms of the impurity concentration and flow
rate of the liquid samples. Fig. 2(B) presents impurity concentrations in
terms of COD as well as the overall COD concentration for the liquid
samples. High concentrations of impurities were found in the following
streams: Beer & 4, Column Tops 5, and Mole Sieve Reject 6. The relation
between Column Tops 5 and Mole Sieve Reject 6 is important because
any mass lost between the two streams is found in the final ethanol
product. Impurities found in the ethanol are either available in the
feedstock or they are byproducts of incomplete fermentation. In previ-
ous studies, it was determined that the types of impurities depend
mainly on the type of the feedstock used (Habe, 2013). Final product
was not provided by the plant for proprietary reasons, and consequently
was not tested for impurities.

3.1. Acetaldehyde and acetal

Acetaldehyde and acetal are two of the impurities regulated in hand
sanitizers by the FDA. The concentration of acetaldehyde and acetal
must be treated if the combined concentration in the final ethanol
product is over the interim impurity limit of 50 mg/L. Acetaldehyde
appears in Mash 1, Mash 2, Beer 3, Beer 4, Column Tops 5, and Mole
Sieve Reject 6, the concentrations of which are larger than the impurity
limit for all samples except Mash 1. There is an acetaldehyde mass-flow
difference of 80 g/min between Column Tops 5 and Mole Sieve Reject 6.

Process Streams Liquid Portion

Solid Portion

# Name COD Acetalde-hyde Prop-anol Meth-anol Acetal Acetalde-hyde Meth-anol Prop-anol Acetal
(g/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 Mix Tank Mash 310 <DL <DL <DL <DL 11 <DL 3.6 <DL
2 Liquefaction Tank Mash 290 <DL <DL <DL <DL 360 33 <DL <DL
3 Ferm Tank Beer 230 130 14 390 <DL 220 860 <DL 2.0
4 Beer Well 280 260 12 170 <DL 160 990 5.0 2.0
5 Column Tops 1200 610 130 380 130 NS NS NS NS
6 Mole Sieve Reject 1200 580 13 1700 10 NS NS NS NS
7 Column Bottoms 120 <DL <DL <DL <DL <DL <DL <DL 3.0
9,10,11 Thin Stillage 150 <DL <DL <DL <DL <DL <DL <DL 1.3
12 Corn 0Oil/Syrup 52 <DL 10 <DL <DL <DL <DL <DL 2.7
13 Evaporated Water 5 <DL <DL <DL <DL NS NS NS NS
15 Well Water 14 <DL <DL <DL <DL NS NS NS NS
17 CO; Scrubber Water 40 <DL <DL 77 <DL NS NS NS NS
18 Recycled Cook Water 17 <DL <DL <DL <DL NS NS NS NS
* Cooling Tower Blow 1 <DL <DL <DL <DL NS NS NS NS
Down
Cooling Tower Blow <DL <DL <DL <DL <DL NS NS NS NS

Down + RO Reject

NS = no solids in the process stream and <DL = under detection limit. DL is as follows: COD = 1.0 mg/1; acetaldehyde = 7.5 mg/1; propanol = 9 mg/]; methanol = 9

mg/l; and acetal = 5 mg/1.
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A. Impurities Concentration and Flow

Methanol Conc. PPM Propanol Conc. PPM

Acetaldehyde Conc. PPM Acetal Conc. PPM

Methanol Flow Rate g/min Propanol Flow Rate g/min Acetaldehyde Flow Rate g/min Acetal Flow Rate g/min

Mix Tank All<DL Hhie o Non All<DL
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380 130 610 130 (PPM) Distillation g
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360 13 120 - (g/min)
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90 0.69 31 0.53(g/min) AlSBL
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l < Centrifuge All<DL Splitter
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Cook Water .
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Fig. 2. Plant diagram with (A) impurity flow and concentration and (B) impurities in terms of COD. Note: “<DL” is less than detection limits.

This 80-g/min difference is retrieved in Final Product 25. Further
treatment of Column Tops 5 or Final Product 25 is necessary to reduce
acetaldehyde to below FDA limits.

The concentration of acetal is first detected in the solid portion of
Beer 3 and Beer 4 streams. After distillation, some of the acetal remains
in the solid portions of Bottoms 7, Thin Stillage 9/10/11, and Corn Oil/
Syrup 12 streams but at concentrations below 3 mg/L. The acetal con-
centration of Column Tops 5 is well-above the FDA limit at 130 mg/L.
There is a mass difference of 21.5 g/min acetal between Column Tops 5
and Mole Sieve Reject 6, which will be retrieved in Final Product 25.

Both acetaldehyde and acetal concentrations must be reduced in either
Column Tops 5 or Final Product 25 to meet the impurity limits set by the
FDA.

3.2. Methanol, propanol, and chemical oxygen demand

Methanol is one of the impurities regulated by the FDA for hand
sanitizers. The FDA limit for methanol is 630 mg/L under interim con-
ditions and 200 mg/L under normal standards. Methanol concentrations
are over the normal FDA limit in Beer 3, Column Tops 5, and Mole Sieve
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Reject 6. An interesting occurrence is the accumulation of methanol
between the distillation column and the molecular sieve owing to the
properties of methanol. First, methanol is extremely volatile has a lower
boiling point than ethanol (O’Neil, 2013; Haynes, 2015), and the ma-
jority of the methanol should be found at the top of the distillation
column (Column Tops 5). Methanol also has a small molecule size,
which is comparable to water, and thus the molecular sieve can filter
and send it back to the column. As methanol is filtered out by the mo-
lecular sieve, the concentrations of methanol in Final Product 25 should
be below the specified FDA limits.

Propanol is not one of the regulated impurities in hand sanitizer.
Propanol concentrations are low throughout the plant streams except
Column Tops 5, wherein the concentration is 130 mg/l. COD concen-
trations are approximately 300 mg/L for the first four process streams.
The spike in Column Tops 5 and Mole Sieve Reject 6 streams owing to
the high concentration of ethanol being released from the distillation-
column top. COD concentrations dropped in subsequent streams com-
ing out of the distillation-column bottom.

4. Discussion

The samples used herein were collected in July 2020 prior to changes
in the processing to reduce impurity concentrations. These samples
indicate the concentrations of regulated compounds as well as ethanol
and propanol prior to the production of alcohol-based disinfectants.
Ethanol plants had to undergo additional treatment to reduce the con-
centration of regulated compounds, such as acetaldehyde, methanol,
and acetal. Generally, the treatment method would be incorporated to
treat the Column Tops 5 process, which releases a stream from the top of
the first distillation column. In Column Tops 5, 610 mg/L of acetalde-
hyde and 130 mg/L of acetal can be observed, both of which are well-
above the interim (50 mg/1) and standard (10 mg/1) limits set by the
FDA. Column Tops 5 has a methanol concentration of 380 mg/L that
meets the FDA interim limit (600 mg/1) but would need to be further
treated to meet the normal limit (200 mg/1).

Acetal formation in the distillation column is caused by the acid
catalyzed reaction of ethanol and acetaldehyde (McMurry, 2019). This
reaction causes acetal concentration to rise from below detection limit to
130 mg/L in the Column Tops 5. The pH in the distillation column
should be controlled to limit the formation of acetal. The addition of an
oxidant able of cleaving C—C bonds such as permanganate salts, ozone,
nitrates, etc. could potentially be used to eliminate impurities. Any
oxidant to be used need to show minimal impact on the produced
ethanol (Schmidt et al., 2020).

Ethanol plants can incorporate a second distillation column to reduce
the concentration of regulated compounds. Double distillation produced
fractions with lower impurities concentration (Balcerek et al., 2017).
Acetal was correctly calculated and the fractions removed were accu-
rately estimated in columns (Haaz et al., 2021). Unfortunately, this
would increase the operating costs and natural gas use, and it would also
require capital costs for the construction and instillation of the column.
Second distillation column in combination with a degassing system can
be used to remove levels of acetaldehyde in the 2-2.2 mg/] range
(Batista and Meirelles, 2009). In many cases, an oxidant may also be
used to help remove acetaldehydes and acetal (Marcus, 1985). The
second distillation column is unlikely to significantly increase HAP
generation or water usage. However, the increase in natural gas from the
second distillation column would increase GHG emissions owing to the
combustion of natural gas to heat the column. Adding a second distil-
lation column could increase GHG emissions by about 5%-10%, and
occasionally, by 100% depending on the configuration of the reboiler
and condenser systems (Tgarguifa et al., 2018; Baeyens et al., 2015). The
plant currently produces 0.4-0.5 kg of CO» per liter of ethanol. These
calculations are based on the annual electricity and natural gas usage
standardized by the volume of ethanol produced each year by the plant.
The amount of CO currently produced by the plant does not account for
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production from the fermentation tank, which many ethanol plants
collect and sell in the industrial gas market.

To put GHG emissions into context, an estimate can be made for the
CO9 emitted during ethanol production for a travel-sized disinfectant
bottle. The standard size for a travel-sized disinfectant bottle is 30 mL,
which contains 70% ethanol (GOJO US, 2021). The CO5 emitted is
estimated to be 0.01 kg per bottle of disinfectant. Calculations for this
value can be found in the supplementary materials.

5. Conclusions

Ethanol plants transitioning into the production of alcohol-based
disinfectants must meet impurity limits as set by the FDA. For the
plant, the Column Tops 5 or the Final Product 25 processes streams will
need to be further treated to meet impurity limits as set by the FDA. The
acetaldehyde and acetal concentrations in Column Tops 5 are well over
the limits set by the FDA. Concentration of methanol in Column Tops 5 is
below the interim impurity limits but will need to be lowered further to
meet limits under normal conditions.

Based on communications with multiple ethanol plants, the instal-
lation and operation of a second distillation column will result in
increased plant operations costs and natural gas usage. The addition of
the second distillation column would increase CO, emissions, however,
the second distillation column will not contribute to a significant in-
crease in HAP generation or water usage.
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