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Abstract

A method for measuring peracetic acid vapors in air using impinger sampling and field-portable
colorimetric analysis is presented. The capture efficiency of aqueous media in glass and plastic
impingers was evaluated when used for peracetic acid vapor sampling. Measurement of peracetic
acid was done using an N, N-diethyl-p-phenylenediamine colorimetric method with a field-portable
spectrometer. The linearity of the N, N-diethyl-p-phenylenediamine method was determined for
peracetic acid both in solution and captured from vapor phase using glass or plastic impingers.
The Limits of Detection for the glass and plastic impingers were 0.24 mg/m3 and 0.28 mg/m3,
respectively, for a 15 L air sample. The Limits of Quantitation were 0.79 mg/m?3 and 0.92

mg/m3 for the glass and plastic impingers, respectively. Both metrics were below the American
Conference of Governmental Industrial Hygienists Threshold Limit Value Short-Term Exposure
Limit of 1.24 mg/m3 (0.4 ppmv) during a 15-min period. The impinger sampling method
presented herein allows for an easy-to-use and rapid in-field measurement that can be used for
evaluating occupational exposure to peracetic acid.
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Introduction

Peracetic acid (PAA) is a commonly used antimicrobial that has been used as a disinfectant
in the food and beverage industries, healthcare settings, water treatment, and as a

bleaching agent (Swern 1970; Baldry and French 1989; Pechacek et al. 2015; Luukkonen
and Pehkonen 2017). PAA is more environmentally friendly than conventional chlorine-
containing disinfectants because it leaves behind no toxic residues (Pinkernell et al. 1994;
Awad et al. 2000). However, PAA is irritating to mucous membranes of the respiratory tract,
skin, and eyes. The effects of worker exposure to PAA vapors are a pertinent issue. There

is a need to quantify air concentrations of PAA quickly and accurately in the workplace
based on irritation of the upper respiratory tract and lacrimation occurring due to exposures
as low as 15.6 mg/m3 (5 ppmv) within 3 min (Committee on Acute Exposure Guideline
Levels; Committee on Toxicology; National Research Council 2010). A threshold for
irritation to mucous membranes and eyes of 1.56 mg/m3 (0.5 ppmv) was derived from
Fraser and Thorbinson (1986); this concentration of PAA vapor is not expected to cause
discomfort (Fraser and Thorbinson 1986). The American Conference of Governmental
Industrial Hygienists (ACGIH®) set a Threshold Limit Value (TLV®) for a Short-Term
Exposure Limit (STEL) of 1.24 mg/m3 (0.4 ppmv) during a 15-min period (ACGIH 2014).
A reliable and accurate method for PAA measurement is needed for quantifying exposures to
PAA vapors at low concentrations in the workplace.

Several laboratory-based methods have been developed to detect PAA vapor. These include
sampling methods using the reagents: 2,2”-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) (Pinkernell et al. 1997; Effkemann et al. 2000; Wagner et al. 2002),
2-([3-{2-[4-Amino-2-(methylsulfanyl)phenyl]-1-diazenyl}phenyl]sulfonyl)-1-ethanol (ADS)
(Effkemann and Karst 1998; Henneken et al. 2006), methyl p-tolyl sulfide (MTS)
(Pinkernell et al. 1996; 1997; Effkemann et al. 1999; Hecht and Héry 2002; Pacenti et

al. 2010; Nordling et al. 2017; Simmons 2019), and methy! p-tolyl sulfoxide (MTSO)
(Hecht et al. 2004). These reagents have been placed in impingers, on sorbent tubes,

on filters, or solid-phase microextraction fibers and analyzed by liquid chromatography,
gas chromatography, or colorimetry. All these methods use laboratory instruments for
analysis and can involve sample preparations that are not suited for making quick PAA
vapor concentration measurements in the field. Electrochemical sensors used for real-time
detection of PAA vapors are commercially available but have not been rigorously validated
in the literature.

Acetic acid (AA) and hydrogen peroxide (HP) exist in equilibrium with PAA and water in
solution:

CH3COyH + HpOp = CH3CO3H + H)O

Accurate determination of PAA concentration without interferences from AA or HP is
necessary for monitoring worker exposure. PAA detection methods can involve a two-piece
sampling system, one to capture HP and one to capture PAA (Hecht et al. 2004; Simmons
2019).

J Occup Environ Hyg. Author manuscript; available in PMC 2022 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stastny et al.

Methods

Materials

Page 3

In the work presented here, a field-portable photometric method using the A, A-diethyl-p-
phenylenediamine (DPD) reagent was used to quantify PAA in aqueous solutions. AA

and HP are always present in equilibrium with PAA and do not interfere with the PAA
concentration measurements using the DPD method (Howarth and Harvey 2010; Liu et al.
2014). The DPD method is based on PAA reacting with an excess of iodide, causing the
iodide to be oxidized to iodine. The iodine reacts with DPD to produce a magenta-colored
product that is measured by a photometer. DPD has been used for monitoring PAA in
wastewater disinfecting treatments (Dell’Erba et al. 2004; Monarca et al. 2004; Crebelli

et al. 2005; Monarca et al. 2005; Antonelli et al. 2006; Falsanisi et al. 2006; Rossi et al.
2007; Cavallini et al. 2013; Santoro et al. 2007; Dominguez-Henao et al. 2018). Proper
and consistent timing from the sampling through the analysis steps are critical to making
accurate determinations of PAA using the DPD method. PAA will degrade over time, so
samples cannot be stored for later analysis. During the DPD analysis, the oxidation of iodide
to iodine by PAA is a relatively fast reaction, while the oxidation of iodide due to HP is a
slower process. This enables the analysis of PAA with the DPD solution before the HP has
time to become an interference by significantly oxidizing the iodide. For consistent timing,
the DPD analyses in this paper were completed within 5 min of sample collection.

The work herein demonstrates a method of measuring PAA vapors for occupational
exposure monitoring using glass or plastic impingers that can offer low cost, easy to use, and
rapid, in-field measurements. Additionally, this method is applicable for sensor evaluation
and verification of generated atmospheres (Doepke et al. 2021). Also presented is a 3D
printed impinger nozzle that offers an alternative to traditional glass impingers, which are
undesirable for certain field uses, like food and pharmaceutical production sites.

All solutions were prepared using >18 MQ-cm deionized water from an Evoqua water
purification system. PAA solution (32% w/w of PAA, 40-45% wi/w of acetic acid, and <6%
w/w of Hy05), HP solution (30.9% wi/w), and Tygon tubing were supplied by Sigma Aldrich
(St. Louis, MO). A V-2000 photometer and PAA and HP Vacu-vials instrumental test Kits
(K-7913, K-5543) were purchased from Chemetrics (Midland, VA). A DR1900 portable
spectrophotometer and DPD total chlorine reagent powder pillows were purchased from
HACH (Loveland, CO). 50-mL glass impingers were purchased from Ace Glass (Vineland,
NJ). Plastic impingers were purchased from SKC Inc. (Eighty Four, PA). 25 mm Acrodisc
syringe filters with 0.45 um PTFE membranes were purchased from Pall Corporation (Port
Washington, NY). The 3D printed nozzle was printed using an Objet Eden 260vs 3D

printer with Veroclear and SUP 705 was used as support material. The support material

was washed away before experimental use. Flow-limiting critical orifices (1 L/min) and
Aerosol Adapter connectors were purchased from Millipore (St. Louis, MO). A Bios DryCal
Defender flowmeter from Mesa Labs (Lakewood, CO) was used to measure the orifice flow
rate.
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Colorimetric determination of PAA concentration from stock solutions

The concentrations of the PAA solutions (Cheasureq) Were determined using the Chemetrics
Vacu-vials ampoule and HACH PAA test kits according to the manufacturer’s instructions.
The photometers were zeroed according to the manufacturer’s instructions. In the
Chemetrics method, excess potassium iodide is added to the PAA solution where peracetic
acid oxidizes the iodide to iodine. The iodine then oxidizes the DPD contained in an
ampoule, forming a pink-colored Wurster dye. The HACH method is similar to the
Chemetrics method; a DPD total chlorine powder pillow is mixed with the PAA solution

in a cuvette, producing a pink color. The intensity of the pink color is directly proportional
to the peracetic acid concentration. The V2000 photometer from Chemetrics and DR1900
portable spectrophotometer from HACH were used to measure the absorbance of the pink
color and automatically converted that to Cyeasureg The Chemetrics method was used

for all studies in this paper and the HACH method was used to verify the Chemetrics
results. Impinger samples must be worked-up and colorimetric measurements made as
soon as possible to avoid PAA degradation and HP interference. For HP measurements,
based on Chemetrics’ recommendations to avoid false positives from PAA, five drops of
A-7900 Activator Solution were added to the sample before the K-5543 Vacu-vials and
Chemetrics method 95 was used. The HP was also analyzed using HACH method 10290.
The measurements were made within 5 min of dilution or impinger collection; within this
time frame, the HP was found to be <6% of the product content, which was the stated
Sigma Aldrich HP weight percent of the product (see online supplemental materials, Table
S1). To determine if HP interference was a large contributor to error in PAA measurements,
aliquots of 30.9% w/w HP were placed into a 0.5-L volumetric flask and diluted to the mark
with deionized water. The solution was analyzed for PAA and HP using the Chemetrics
methods (Supplemental Table S2). Based on these findings, HP had good recoveries (>
90%) and PAA was found to be near the LOD and below the LOQ (LOD/LOQ reported

in results: Weight Percent of Stock Solutions and Linearity of Dilutions). Because HP was
not a significant interference, filter cassettes were not required to remove HP before the
impinger, as in the OSHA impinger method PV2321.

Various amounts of 32% PAA (Vs 4) ranging from 0.45 to 14.9 uL were placed into

a 0.25-L (Vpjjution) volumetric flask and diluted to the mark with deionized water. To
make lower concentrations, aliquots of the aforementioned solutions were placed into 50-
mL volumetric flasks and diluted to the mark with deionized water. The experimentally
determined concentration of PAA (Cgyperimental) Was used to calculate the weight percent
(W) of PAA in solution, using the density of PAA solution (opaa) (Equations [1] and
[2]). ChteasureaWas determined for each Vpa4 three times and an average weight percent
(Waveragew) for all experimental concentrations was determined and used to calculate
the theoretical concentration (Ccajcurated) (Equation [3]). The V2000 photometer has a
maximum measurable concentration of 5 mg/L and the DR 1900 photometer has a
measurement range with a maximum of 10 mg/L, thus sample solutions must be diluted
below these concentrations before measurements are made.
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CMeasured X VDilution

CExperimental = Vpan (1)
CExperi
W% — Xx perimental % 100 @
PAA
c _Vpaa X ppaa X W gverage% @
Calculated = V Dilution X 100

Colorimetric determination of PAA collection efficiency as collected by glass impinger

For vapor spiking, an Acrodisc syringe filter was connected by Tygon tubing to the inlet of
a glass impinger filled with 15 mL of deionized water. A tube length of 2.54 cm between
the impinger and filter was used in all experiments unless noted. The impinger outlet was
connected by Tygon tubing to a critical orifice and then a vacuum (Figure 1). Aliquots from
0.5-6.5 pL of PAA were pipetted onto the filter and air was pulled through the impinger at
1 L min~1 £ 8% for 15 min. Full evaporation of the PAA aliquot was observed after 10 min
of collection time. The impinger sample was diluted to 500 mL and the PAA concentration
was measured by the Chemetrics method, according to the manufacturer’s directions. Each
measurement was taken in triplicate. From the linear regression, the LOD was calculated as
3 times the standard error of the slope and the LOQ as 10 times the standard error of the
slope. No backup impinger was used for these studies because impinger collection efficiency
was greater than 96.6% (Supplemental Table S3).

Colorimetric determination of PAA collection efficiency as collected by plastic impinger

Three plastic impingers were compared for use in the PAA collection. Two impingers
were commercially available from SKC; one having a vertical inlet and horizontal outlet,
and the second having both inlet and outlet ports vertical. The third plastic impinger had
vertical inlet and outlet ports with a 3D printed nozzle to improve the collection of PAA
vapor. The commercially available perfluoroalkoxy alkane (PFA) plastic impingers have a
non-tapered, flat tip whereas a typical glass impinger has a nozzle (Figure 2). The taper of
the tip increases the linear velocity of air, which improves the collection efficiency of the
impinger for aerosols, and reduces the bubble size, which improves the collection efficiency
of the impinger for vapors. Nozzles and ports for the plastic impingers were designed and
3D printed in-house (Supplemental Figure S1). The 3D-printed impinger was assembled
from the printed ports and nozzle piece with an SKC impinger body and lid. The sampling
procedure for the plastic impingers was the same as the procedure for the glass impinger
described above. There was poor collection efficiency when using the plastic impinger
with the horizontal port as received from the manufacturer (Supplemental Table S4). The
impinger with the 3D printed nozzle had a collection efficiency greater than 95.8%, so no
backup impinger was used for these studies (Supplemental Table S5).
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Results

Weight percent of stock solution and linearity of dilutions

Stock PAA solution was diluted to concentrations ranging from 0.062 to 3.96 mg L1 for
the Chemetrics method and 0.34 to 10 mg L=2 for the HACH method. Each dilution was
measured three times. The average weight percent (/4 erages) + the standard deviation,
calculated from Equations (1) to (3) for Chemetrics was 29.2% + 2.0% PAA by weight and
29.7% * 2.8% PAA by weight for HACH. For the calculations in the rest of the paper, a
weight percent of 29.2% PAA was utilized.

To assess the linearity over the range of PAA concentrations, Equation (3) was used to
determine the calculated PAA concentration. The experimental PAA concentrations versus
the calculated PAA concentrations were plotted (Supplemental Figure 2, Supplemental Table
$6), and a linear regression resulted in an R? of 0.9974 with a linear equation of:

CMeasured = (1.0517 £ 0.00973) X CCalculated

—0.0336 + 0.0147 @

From the linear regression, the LOD for the Chemetrics method was calculated as 3 times
the standard error of the slope and the LOQ as 10 times the standard error of the slope. The
LOD for a liquid sample of PAA was 0.038 mg/L and the LOQ was 0.13 mg/L using the
Chemetrics test kit method.

Tube length from PAA vapor source to impinger

To determine if tube length affected the PAA recovery, four glass impingers were prepared
(as in Figure 1) with tubing lengths of 2.54, 8.9, 27.9, and 68.6 cm between the filter and

the impinger (Table 1). Vapor experiments were conducted by pipetting 5.5 puL of 29% PAA
solution onto the filter. After 15 min of airflow at 1 L min~1, the impinger solution was
diluted to 500 mL and the Chemetrics test kit was used to determine PAA concentration. The
total recovery of PAA was between 94.8% and 97.3%.

Commercial plastic impinger modification

An impinger consists of two pieces, a lid with a vertical stem and connecting ports, and

a vessel that holds the impinger collection liquid. Two versions of the SKC impingers are
available; one has two ports coming from the top (vertical ports) and the other has one
vertical port on the top and one on the side (horizontal port). Commercially available plastic
impingers from SKC have a 0.64 cm diameter stem without any constriction of the diameter
at the tip. A 3D-printed, tapered tip was designed to address this. An aliquot of 1.8-uL or
6.5-uL of 29% PAA solution was added to each filter and after 15 min of airflow at 1 L
min~1, the impinger solution was diluted to 500-mL and then the Chemetrics test kit was
used to determine PAA concentration. Table 2 shows the differences in percent recovery
between commercially purchased glass, plastic, and the 3D printed nozzle impingers. The
glass and 3D printed nozzle had recoveries above 97%. The commercially available plastic
impingers had lower recoveries, ranging from 69.1 to 84.3%.

J Occup Environ Hyg. Author manuscript; available in PMC 2022 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stastny et al. Page 7

Recovery of PAA vapors using glass or 3D printed plastic impingers

Since the results of experiments with the four impingers showed much better performance
for the glass and 3D-printed plastic impingers, subsequent experiments over a wide
concentration range were conducted using only the glass and 3D-printed plastic impingers
(Tables 3 and 4). The recoveries for the glass impingers were at least 97.4% and the
recoveries for the plastic impingers were at least 95.0% with the relative standard deviations
below 5.8%. The LOD for the glass and plastic impingers were 0.24 mg/m3 (glass impinger)
and 0.28 mg/m?3 (plastic impinger) of PAA vapor for a 15 L air sample. These LODs
correspond to impinger solution concentrations of 0.077 mg/L (aq) and 0.091 mg/L (aq) for
the glass and plastic impingers, respectively. The LOQ for the glass and plastic impingers
were 0.79 mg/m?3 and 0.92 mg/m3, respectively, for a 15 L air sample, with corresponding
values of 0.25 mg/L (aq) and 0.30 mg/L (aq).

Discussion

Measurements of working range standards were taken three times by Chemetrics using the
methods described. From those measurements, the weight percent of stock PAA solution
was measured as 29.2% + 2.0%. Calculations for subsequent experiments were done using a
29.2% w/w PAA concentration of the stock solution.

Glass impingers are not always permitted in food and beverage facilities, so a plastic
impinger could offer an alternative impinger option. For field use, plastic impingers are more
desirable because they have a screw top that cannot be separated easily and there is less of
a concern about breakage compared to glass impingers. The flat tip of the inlet tube from
commercially available impingers produced larger bubbles than a typical glass impinger
with a constriction at the tip. Smaller bubbles increase collection efficiency because there is
more surface area per volume of gas and decreased distance for the diffusion of gas inside
to the surface of the bubble. To decrease the bubble size and increase the diffusion of PAA
molecules into the water, a 3D printed tapered tip for the plastic impinger was designed and
tested. The commercially available plastic impingers with the flat tip were found to have
significantly lower recoveries, in the range of 69% to 84%, but the 3D printed impinger
and glass impingers had nearly 100% recoveries. Therefore, using the 3D printed plastic
impinger with a constricted nozzle is recommended over the commercially available plastic
impingers.

The effect of the length of air sampling tubing preceding the impinger on recovery of PAA
was investigated. When sampling in the field, longer tubing may be used to sample near the
breathing zone of a worker while using an impinger worn at the waist. The tube length was
varied from 2.54 to 68.6 cm and PAA recoveries were 94 to 97%; the tube length did not
appreciably affect the recovery of PAA in the impinger solution.

The Occupational Safety and Health Administration (OSHA) method PVV2321 is an
impinger method that uses the reaction of MTS with PAA to produce MTSO in acetonitrile/
water, which is analyzed by GC-FID (Simmons 2019). This method involves connecting

a filter cassette before the impinger to collect HP vapors. Data from OSHA showed that
vapor spikes at various concentration levels, in a similar concentration range to those in
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Table 3, had recovery efficiencies between 95.7% and 97.5% with coefficients of variation
ranging from 0.6% to 10.8%, with the DPD method having recovery efficiencies > 97.4%
and standard deviations ranging from 1.2% to 5.8%. The DPD method presented in this
work, which uses only water, was found to have similar recoveries as the OSHA method
which uses an in-solution reagent (MTS). Using the DPD methods presented herein, PAA
vapors can be collected and analyzed within minutes, in the field, using low-cost supplies. In
contrast, the OSHA method needs HP filter cassettes, an in-solution reagent (MTS) to react
with the PAA, and a GC-FID instrument, which is usually found only in analytical labs, to
analyze samples.

One of the largest influences on the accuracy and precision of this method might be the slow,
but undesirable, reaction of HP with the iodide from the DPD method. HP is produced from
the degradation of PAA but is also present in the 29% PAA solution. To prevent the reaction
of HP with MTS in the impinger solution, the OSHA method adds a cassette filter at the
front of the impinger to capture the HP. In the DPD method presented in this work, there

is not an observed significant interference from HP if the samples were analyzed promptly.
Solutions ranging from 0 to 5 mg L= of HP were made and the concentration of PAA and
HP was tested using the Chemetrics method (Supplemental Table S2). If HP reacted with
the iodide from the DPD method, then a false positive result of PAA would be observed.
But the measured concentration of PAA as interference from HP was near the LOD, below
the LOQ, and <4.3% of the HP concentration present. Additional potential sources of error
might include: the impinger collection efficiency and loss of PAA to the inner surfaces and
tube of the sampling device. However, based on the high recoveries presented in this paper,
there does not seem to be a large error in sampling with the impingers.

Going forward, this DPD impinger method can be compared to other sampling and analysis
approaches. Recently, an atmosphere generation chamber was developed to produce constant
PAA atmospheres at different concentrations, humidities, and temperatures (Doepke et al.
2021). The sampling column contains multiple ports so various sensors can be connected
and tested against one another. The sampling column can allow for side-by-side comparisons
of other PAA sampling methods with the DPD impinger method.

Conclusions

A method using glass or plastic impinger collection and colorimetry for measurement of
PAA vapor in the field was developed. Tube length between the filter and the impinger
does not significantly influence the recovery of PAA. The 3D printed plastic impinger
gave near quantitative recovery of PAA, closely matching the performance of the glass
impinger. By comparison, the commercial plastic impingers had recoveries in the range

of 69% to 84%. When using the 3D printed plastic impinger, the LOD and LOQ for a

15-L air sample of PAA vapors was 0.28 mg/m3 and 0.92 mg/m?, respectively. Similarly,
when using a glass impinger the LOD and LOQ of the method was 0.24 mg/m3 and 0.79
mg/m3, respectively, for a 15-L air sample. Use of plastic impingers with water may be
more cost-effective and offer a safer alternative to glass impingers, which are not permitted
in the food and pharmaceutical industries. The 3D printed impinger improves the collection
efficiency compared to commercially available plastic impingers. The method presented
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herein has a quick analysis time and measurements were quantifiable below the AGCIH
TLV STEL. This method could be used in the field to monitor PAA as part of a measurement
strategy to evaluate worker exposure.

Recommendations

When considering the concerns about PAA exposure, the work presented in this manuscript
demonstrates a reliable sampling method for PAA vapors that could be useful for industrial
hygienists. While other methods and sensors have been developed for PAA measurement,
this is a robust and low-cost method, with a rapid on-site analysis, that can be used in the
field for air concentrations below the AGCIH TLV STEL. This method also assessed a 3D
printed impinger which increased recovery efficiency compared to commercially available
plastic impingers and can be used for PAA measurement in places where glass impingers are
not permitted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagram of impinger connection to syringe filter, critical orifice, and tubing.
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Figure 2.
Illustrations of a (A) glass impinger, (B) plastic impinger with a vertical inlet and horizontal

outlet, (C) plastic impinger with vertical inlet and outlet ports, and (D) 3D printed impinger.
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PAA recovery of commercial glass impinger with varying tube-to-filter lengths (four measured replicates),

Vpaa Was 5.50 L (1.82 mg PAA) and diluted to 500-mL, Ceajeuiaea i 3.63 mg L1,

Tube-to-filter length, cm  PAA recovery

2.54
8.9

27.9
68.6

97.3% *1.66%
95.5% +0.72%
94.8% +0.55%
94.9% +0.96%
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Table 2.

PAA recovery of a commercial glass impinger, plastic impingers with a vertical and horizontal port, and a 3D
printed nozzle impinger (four measured replicates).

Impinger type Recovery Ceaculated = 1.19 mg L™t Recovery Ceaeutated = 429 mg L1
Glass 103.8% + 4.8% 100.4% + 1.2%
Commercial Plastic Horizontal Port 69.1% + 2.0% 84.3% £ 1.7%
Commercial Plastic Vertical Port 72.6% + 3.2% 82.2% + 2.5%
3D Printed Plastic Tip 104.1% + 4.3% 97.0% * 2.0%

When Vpa 4 was 1.80 pL (0.59 mg PAA) and diluted to 500-mL, CCa/culateqdwas 1.19 mg L1 When VpaAwas 6.50 L (2.15 mg PAA) and
diluted to 500-mL, CCa/culatedWwas 4.29 mg L1
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