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Abstract
Objectives: In order to assess short-term exposure to peracetic acid (PAA) in disinfection processes, the Authors com-
pared  4  industrial hygiene monitoring methods to evaluate their proficiency in measuring airborne  PAA concentra-
tions. Material and Methods: An active sampling by basic silica gel impregnated with methyl p-tolyl sulfoxide (MTSO), 
a  passive solid phase micro-extraction technique using methyl p-tolyl sulfide (MTS) as on-fiber derivatization reagent, 
an electrochemical direct-reading  PAA monitor, and a  novel visual test strip  PAA detector doped with  2,2’-azino-bis 
(3-ethylbenzothiazoline)-6-sulfonate were evaluated and tested over the range of 0.06–16 mg/m3, using dynamically gener-
ated PAA air concentrations. Results: The linear regression analysis of linearity and accuracy showed that the 4 methods 
were suitable for PAA monitoring. Peracetic acid monitoring in several use applications showed that the PAA concentra-
tion (1.8 mg/m3) was immediately dangerous to life or health as proposed by the National Institute of Occupational Safety 
and Health, and was frequently exceeded in wastewater treatment (up to 7.33 mg/m3), and sometimes during food and 
beverage processes and hospital high-level disinfection operations (up to 6.8 mg/m3). Conclusions: The methods were suit-
able for the quick assessment of acute exposure in PAA environmental monitoring and can assist in improving safety and 
air quality in the workplace where this disinfectant is used. These monitoring methods allowed the evaluation of changes 
to work out practices to reduce PAA vapor concentrations during the operations when workers are potentially overexposed 
to this strong antioxidant agent. Int J Occup Med Environ Health 2018;31(4)
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INTRODUCTION
The global peracetic acid (PAA) (CAS No. 79-21-0) mar-
ket is estimated to grow between 2014 and 2020 at a com-
pound annual growth rate of 7.3%, to reach an economic 
valuation of USD 652.9 million by 2020 [1]. Europe is the 

largest market of  PAA followed by North America, and 
Pacific Asia. The diverse applications of the PAA may be 
segmented as disinfectants, sterilant, sanitizer and others. 
The disinfectant segment is the largest market segment 
worldwide; and within this segment food and beverage 
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reports between direct-reading and laboratory analytical 
methods on reliability and accuracy are often limited.
The aim of this work has been to assess short-term expo-
sure to airborne PAA in disinfection processes by compar-
ing the 4 analytical methods. In addition to laboratory test-
ing, this paper also describes the evaluation and validation 
protocol used for assessing PAA monitoring in food and 
beverage processing, wastewater treatment, and hospital 
high-disinfection.

MATERIAL AND METHODS
Measurement devices
Active sampling with an air flow of 1 l/min for 15 min was 
performed by MTSO basic silica gel cartridge (Giotto Bio- 
tech, Sesto Fiorentino, Italy) connected to GilAir Plus pumps 
(Sensydine, St.  Petersburg,  USA) for personal sampling, 
and to a 16-position automatic collector box/Bravo M Plus  
pump (TCR Tecora, Milano, Italy) for area sampling  [7]. 
The cross sensitivity to hydrogen peroxide (HP) was avoided 
through a 37-mm cassette with quartz filter coated with ti-
tanium oxysulfate hydrate and connected to the cartridge. 
The cartridge was desorbed with  5  ml of acetonitrile and 
the resulting solution was then made up to 10 ml with wa-
ter. The LC/ultraviolet (UV, wavelength  224  nm) analysis 
of the methyl p-tolyl sulfoxide using a reversed phase Allti-
ma C18 5 μm column (250 mm length,  3 mm internal di-
ameter, Grace Davison Discovery Science, Deerfield, USA) 
in isocratic mode (acetonitrile/water in the ratio  57/43, 
1 ml/min) was controlled with a Waters Alliance e2695.
For  SPME passive sampling, the method by Pacen-
ti  et  al.  [9] was used with modifications. A  Fast Fit As-
semblies  85  μm carboxen/polydimethylsiloxane  (CARB/
PDMS) fiber (Supelco, Bellefonte,  USA) was doped 
for 20 s in the headspace of a 10 ml vial previous equilibrated 
for 20 min at 25°C and containing 5 μl of MTS. Methyl p-tolyl 
sulfoxide was obtained from the reaction between  PAA 
and  MTS  [10]. Personal and area sampling for  15  min  
was performed by “rapid-SPME”  [11] using SPME Auto

industry is the fastest growing  PAA sector, accounting 
for over  25%  of the global market, followed by health-
care, and water treatment  [2]. In the pulp and paper in-
dustry, PAA has been found to be an excellent alternative 
for delignification and bleaching [3], though this market is  
still small.
Advances in manufacturing technology, the growing pop-
ularity of bio-based chemicals and innovative techniques 
developed for the use of PAA in many new applications 
have resulted in an array of products which are expected 
to present new opportunities for the PAA market in up-
coming years.
Direct exposure to PAA may cause severe burns, allergy, 
and other hazardous health effects to the eyes, skin, and 
respiratory organs. A human study  [4] has reported that 
exposure to 4.67 mg/m3 (1.55 ppm) for 12 min causes slight 
to mild irritation, and exposure to 6.23 mg/m3 for 60 min 
causes extreme discomfort and serious escape-impairing 
effects. The National Institute of Occupational Safety 
and Health  (NIOSH) has proposed the immediately 
dangerous to life and health (IDLH) limit of 1.8 mg/m3. 
The American Conference of Governmental Industrial 
Hygienists  (ACGIH) has established a  threshold lim-
it value  (TLV) as a  short-term exposure limit  (STEL) 
of 1.2 mg/m3, 15 min time-weighted average exposure that 
should not be exceeded at any time during a workday.
Currently, there are a few analytical methods for PAA va-
por. These include the active  [5–7] or passive  [8,9] sam- 
pling methods using  2,2’-azino-bis(3-ethylbenzothiazoline)- 
6-sulfonate  (ABTS), methyl p-tolyl sulfide  (MTS), 
methyl p-tolyl sulfoxide (MTSO), and 2-([3-{2-[4-Amino-
2-(methylsulfanyl)phenyl]-1-diazenyl}phenyl]sulfonyl)-
1-ethanol (ADS) as reagents whether on tubes, impinger, 
glass fiber filters or solid phase microextraction (SPME) 
and later analyzed by colorimetry, liquid chromatogra-
phy (LC) or gas chromatography (GC). Electrochemical 
sensors for PAA vapor detection are small and convenient 
real-time portable instruments; but experimental and field 
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using PAA atmospheres over the range of 0.06–16 mg/m3 
(Photo 1). The 4 samplers were exposed at the same time 
for each PAA air concentration. The PAA vapor flow was 
blended with a dry air flow (1–5 l/min), and measured by 
a  calibrated rotameter  UG2.5  (Metrix Italia, Candiana 
Padova, Italy). The concentration of water vapor pro-
duced by the impinger, was determined by measuring 
the dew point temperature with a  photoacoustic Multi-
gas Monitor mod. 1312 (INNOVA, Ballerup, Denmark). 
Relative humidity was obtained from the dew points using 
the Merck Index table and the air temperature. The at-
mospheric pressure was determined by a digital pressure 
indicator Druck DPI 705 (GE Oil and Gas, Italy).

Statistical analysis of method evaluation
Robust linear regression of each method was verified in 
terms of linearity and accuracy by means of standard error 
evaluation and an independent t-test on the slope coeffi-
cient was performed. The critical t value for a two-tailed test 
with the α level adopted (0.05), and the degrees of freedom 
for each method is presented in the Table 1. The statistical 
analysis was performed with Stata software v.  11.2  (Stata 
Corp  LP. Lakeway Drive College Station, Texas,  USA) 
and  R  software environment for statistical computing 
provided with “sandwich,” “lmtest” packages  [15]. Other-
wise PAA detector strips were tested with the concordance 
correlation analysis (Cohen’s κ) through visual evaluation 
from selected subjects. The instrumental limit of quantifi-
cation (LLOQ) of the electrochemical sensor was provided 
by the manufacturer. For the chromatographic techniques, 
a signal-to-noise ratio of 3:1 and 10:1 was used for estimat-
ing the limit of detection (LOD) and LLOQ, respectively. 
The detection limit as mass/air sample volume depends on 
the total air volume sampled.

Sampling sites
A survey carried out in  food and beverage processing, 
wastewater treatment, and hospital high-level disinfection 

matic Sampler  [12] (Chromline, Prato, Italy) and a Diffu-
sive Sampling Fiber Holder (Supelco, Bellefonte,  USA), 
respectively. The experimental average sampling rate 
was  7.78  ml/min. After sampling,  PAA was analyzed 
with fast  GC/mass spectrometry  (MS) with a  Shimadzu  
GC 2010/QP MS2010 series, using a narrow bore MEGA-5  
MS column (10 m × 0.1 mm × 0.1 μm film thickness). The 
target ion for MTSO was 138 mass-to-charge ratio.
Full automation of the  LC and  GC procedures was 
achieved using a Flex autosampler (EST Analytical, Fair-
field, USA) equipped with a 45-position Multi Cartridge/
Fiber Exchange (Chromline, Prato, Italy).
Air monitoring by a  continuous, direct reading detector 
was evaluated using a  PAA Envirocell Sensor Module 
(ChemDAQ, Pittsburgh,  USA). This monitor is a  pas-
sive sampler (no pump) and the sensors are plug and 
play. The electrochemical sensor has a digital resolution 
of 0.01 ppm, minimum detection limit of 0.04 ppm (manu-
facturer’s specification) and a mean response time of 20 s. 
Personal sampling was performed using a  ChemDAQ 
SafeCide Portable Monitoring configurated with a tablet. 
The Steri-Trac Area Monitor was connected for area sam-
pling to a management platform for data collection.
The 4th method using a novel visual test strip PAA De
tector  (Giotto Biotech, Sesto Fiorentino, Italy) based 
on reaction of  ABTS to its radical cation, for sam-
pling time of  15 min and quantification by a  color scale 
to  0.4  ppm  [5,13,14]. The iodide-catalyzed oxidation 
of the  ABTS by  PAA leads to the formation of a  green 
product with 4 strong absorption maxima between 405 nm 
and 810 nm (highest absorbance was observed at 415 nm).

Dynamic calibration system
The PAA vapor was generated by a syringe-pump Harvard 
Plus 11 (Harvard Apparatus, Holliston, USA), equipped 
with a  1  ml gas-tight syringe set to  2  μl/min connected 
to an  Adsorbent Tube Injector System (ATIS, Supelco, 
Bellefonte, USA). The sampling methods were evaluated 
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–– monitoring during the maintenance of high speed fill-
ing machines (18 000 bottles/h) for soft drinks, which 
use the  solution of  15% PAA nebulized at the maxi-
mum concentration of 2000 ppm.

A multi-data logger Babuc/A (LSI Lastem, Milano, Italy) 
was employed to measure temperature, relative humidity 
and air velocity during air sampling.

department was performed during routine operations to 
access the risks of PAA occupational exposure. The PAA 
vapor was measured for various operations including:
–– the replacement of PAA solution into lavaendoscopes 

in 32 hospital clinical units,
–– filling PAA tanks for wastewater disinfection in 6 mu-

nicipal plants, monitoring the truck driver while per-
forming his routine daily duties,

a) b) c) d)

1 – thermostatic block with injector port ATIS Injector System; 2 – manometer for auxiliary gas (medical air, 1–5 l/min); 3 – manometer  
for inlet gas (medical air, 0.1 l/min); 4 – mixing chamber; 5 – chamber (1386 ml volume) for measurement devices: a) solid phase 
microextraction (SPME fiber), b) visual test strip peracetic acid (PAA) detector, c) methyl p-tolyl sulfoxide (MTSO) basic silica gel cartridge 
connected to 37 mm quarz fiber cassette, d) ChemDAQ electrochemical sensor; 6 – calibrated rotameter; 7 – syringe-pump; 8 – extractor hood.

Photo 1. Dynamic calibration system
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RESULTS
A comparison of the  ChemDAQ electrochemical sen-
sor, the MTSO basic silica gel cartridge and MTS CARB/
PDMS SPME fiber methods are shown in the Table 1. In-
dependent t-test of the experimental data demonstrated 
that all the 3 methods compared are suitable for PAA va-
por monitoring. In particular, the passive SPME technique 
showed the smallest variability (standard error of 0.0019) 
and the lowest LOD value (0.027 mg/m3). The electrochem
ical direct-reading instrument was sensitive to the PAA va-
por concentration in terms of one order of magnitude below 
the TLV-STEL value. The correlation analysis of the visual 
test strip PAA detector showed a very good agreement level 
of concordance (0.8–1 Cohen’s κ) (Figure 1).
The monitoring studies showed that PAA exposures high-
er than 15 min time-weighted average occupational expo-
sure limits  (ACGIH 1.2 mg/m3) were found in wastewa-
ter treatment (up to  7.33 mg/m3), in food and beverage 
processing (up to  6.8  mg/m3) and in hospital high-level 
disinfection (up to 1.52 mg/m3). A detailed description of 
personal samplings is shown in the Table 2.
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sampling, MTS and triphenylphosphine must be added in 
the absorption solution.
A  report  [17] reviewing the market and use of biocid-
al products has been published recently (EU  Regula-
tion 528/2012); and in this report, a PAA active sampling 
method using basic silica gel impregnated with sulf-
oxide has been proposed  [7]. In  2014, another chemi-
cal company began marketing MTSO tubes for PAA air 
monitoring [18].
The authors have evaluated alternative procedures 
that permit the instantaneous or 15 min time-weighted 
average sampling. Overall, these methods provide an 
effective assessment of occupational exposure to gas-
eous PAA, that may be used for assisting in improving 
safety and air quality in the workplace where this disin-
fectant is used.
The  SPME passive sampler allows for automation of 
the sampling procedure. Thanks to structurally informa-
tive MS fragmentation patterns, the analysis by GC/MS 
is characterized by a higher sensitivity and better discrim-
ination than other routine techniques employed in indus-
trial hygiene laboratories. In addition, portable SPME-
GC/MS instruments are now commercially available.
The electrochemical direct-reading instrument and the 
visual test strip  PAA detector doped with  ABTS were 
chosen due to their ease of use and immediate analytical 
results. The first portable sampler with the electrochemi-
cal sensor for  PAA vapor is available with a  bluetooth 
sensor communication, a Windows based interface for 
downloading file data, continuous communication with 
monitor displays, and connection to management plat-
forms to generate reports and analyze historical data.
The miniaturized structure of the strip allowed real-time 
measure, also in terms of leak detection, inspections, 
and to verify any breakthrough of charcoal-impregnated  
face masks.
Furthermore, the 4 samplers used in this study have been 
simple to set up and integrate all sampling, analysis man-

DISCUSSION
For many years the French Institute for Research and 
Security (Institut National de Recherche et Sécurité) 
had recommended the determination of airborne  PAA, 
with TLV-time weighted average (TWA) and TLV-STEL 
of 0.62 and 1.56 mg/m3, respectively. In 2013 the ACGIH 
introduced a  TLV-STEL value of  1.2  mg/m3. Consider-
ing the growing interest in this field and the increasing 
use of PAA in many applications, validated methods are 
urgently required for both expert and non-expert users. 
The high number of analyses necessary for the evaluation 
with TLV-STEL requires the use of economical and sim-
ple to use samplers, the usage of which should be as far as 
possible automated to avoid errors.
A disadvantage of the samplers proposed by Hennek-
en et al. [8] and Effkermann et al. [10] results from poor 
storage stability, sampling periods greater than  15 min, 
and furthermore they are not presently commercially 
available. Specifically, the first is based on the oxidation 
of  ADS into the  2-([3-{2-[4-Amino-2-(methylsulfoxy)
phenyl]-1-diazenyl}phenyl]sulfonyl)-1-ethanol, and it has 
been developed with an uptake rate for PAA of 15.7 ml/
min ±9.2%. Since the  PAA is produced from the acid-
catalyzed reaction between acetic acid and  HP as well 
as the commercial PAA formulas which are a mixture of 
the 3 compounds, the cross reactivity toward HP is found 
to be 2.45 ml/min, therefore the lower flow limits the appli-
cability of the samplers evaluated by Henneken et al. [8]. 
However, it has been found that for the blank system, 
a  rapid transformation into the corresponding sulfoxide 
occurrs within a few days, when the reverse phase LC col-
umns are impregnated with the ADS. In the second sam-
pler, using an impinger for bubbling, the oxidation of MTS 
was measured by liquid chromatography with detection 
at 224 nm [10]. Although it was proposed by the German 
Research Foundation (Deutsche Forschungsgemein-
schaft) [16] in 2014, this method is not particularly suited 
to personal sampling, and furthermore, immediately after 
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valuable contributions in the implementation of the research in 
outdoor wastewater plants evaluation.
We also thank Barbara Bocking for the English review of this 
manuscript.
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