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• The efficiencies of peracetic acid (PAA)
and hypochlorite were tested for differ-
ent wastewater particle sizes.

• Hypochlorite's efficiency decreased
with larger particles, while PAA was
less sensitive to size.

• PAA was more effective at lower pH,
while hypochlorite was more effective
at higher pH.

• PAA and hypochlorite appear to have
similar cell inactivation mechanisms.
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Peracetic acid (PAA) is an alternative disinfectant that may be effective for combined sewer overflow (CSO) dis-
infection, but little is known about the effect of particle size on PAA disinfection efficiency. In this work, PAA and
hypochlorite were compared as disinfectants, with a focus on the effect of wastewater particles. Inactivation ex-
periments were conducted on suspended cultures of Escherichia coli and wastewater suspended solids. Tested
size fractions included particle diameters b10 μm, b100 μm, and rawwastewater. Chlorine disinfection efficiency
decreasedwith increasing solids size. However, solids size had little effect on PAA disinfection. The PAA disinfec-
tion efficiency decreased at pH values above 7.5. Live/dead staining revealed that PAA disinfection leaves most
cells in a viable but non-culturable condition. Fourier transform infrared spectroscopy (FTIR) analyses suggests
that PAA and hypochlorite may inactivate E. coli bacteria by similar mechanisms.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Combined sewer overflows (CSOs) are a common problem in the
United States and throughout the world (NRDC, 2011). In the United
States, the EPA has made CSO abatement a priority (USEPA, 1999;
USEPA, 1994). However, complete elimination of CSOs is often
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economically prohibitive. Regulations increasingly require disinfection
of the occasional CSO discharges, which contains high total suspended
solids (TSS) and potentially has large particle sizes. The ideal disinfec-
tant would achieve at least 4-log reduction (99.99% removal) of bacteri-
al concentrations with contact times of 15 to 30 min, and avoid the
formation of toxic by-products (Coyle et al., 2014).

A popular option for CSOs is chlorine-based disinfectants, which are
effective against bacteria, viruses, and protozoan cysts, and are com-
monly used for disinfection of wastewater final effluents (De Luca et
al., 2008; Lazarova et al., 1998; Veschetti et al., 2003). However, chlorine
derivatives often have high rates of decay during storage, are sensitive
to changes in pH, can form toxic disinfection by-products upon reaction
with organics, and require quenching to remove residual disinfectants
prior to discharge. These characteristics make them less desirable for
CSOs, which are intermittent and more variable in volume and compo-
sition. Also, CSO discharges often include higher amounts of suspended
solids, which may shelter pathogens and impact the chlorine disinfec-
tion efficiency (Rossi et al., 2007).

Peracetic acid (PAA), a non-conventional disinfectant, has shown
potential as an environmentally-friendly and cost-effective alternative
for CSO disinfection (Chhetri et al., 2014, Coyle et al., 2014; Kitis,
2004; Luukkonen and Pehkonen, 2017). PAA is a relatively strong oxi-
dant, and is highly effective for disinfection of bacteria; it has also dem-
onstrated some antiviral properties (Baldry and French, 1989a; Baldry
et al., 1991; Koivunen and Heinonen-Tanski, 2005).

PAA is commercially available in a stable, quaternary equilibrium
mixture of acetic acid, hydrogen peroxide, peracetic acid, and water
(Kitis, 2004):

CH3COOHþH2O2↔CH3CO3Hþ H2O

As a weak acid, the dissociation constant, pKa, of PAA is 8.2 (Coyle et
al., 2014; Santoro et al., 2005).When the pH is below8.2, PAA is thought
to spontaneously decompose into reactive oxygen, which can disrupt
sulfhydryl (\\SH) and sulfur (S\\S) bondswithin enzymes and proteins
in cell membranes. As a result, transport across the cell membrane is
hindered and cellular function is impaired (Gehr et al., 2003; Lefevre
et al., 1992). Other oxidizing agents, including chlorine derivatives,
have disinfection mechanisms similar to those proposed by Lefevre, in-
volving disruption of cell membranes by reactive oxygen (Kitis, 2004).
However, the mechanism of disinfection by PAA remains uncertain,
with some studies suggesting that PAA releases hydroxyl radicals,
which readily oxidize proteins and lipids to compromise bacterial cell
walls and to denature cellular DNA (Coyle et al., 2014; Koivunen and
Heinonen-Tanski, 2005; Lubello et al., 2002).

Amajor advantage of PAA over chlorine-based disinfectants is that it
reacts and decomposes quickly, possibly eliminating the need for
quenching prior to discharge and potentially requiring shorter contact
times (Coyle et al., 2014; De Luca et al., 2008; Kitis, 2004). It is believed
to produce little to no toxic by-products upon reactionwithwastewater
or natural organic matter (Baldry and Fraser, 1988; Monarca et al.,
2002).

PAA has been demonstrated as an advantageous alternative for
treating effluent wastewaters with low doses and short contact times,
and could feasibly be used to treat CSOs (Baldry et al., 1995; De Luca
et al., 2008; Rossi et al., 2007; Wagner et al., 2002). However, past PAA
research has mainly addressed the disinfection of pure cultures of bac-
teria, or wastewater effluents with few or very small particles.

Several bench-scale studies have addressed PAA disinfection of
wastewater, but researchers have found that the effective PAA dosage
and contact times vary widely based on water quality (Baldry and
French, 1989b; Coyle et al., 2014; Sanchez-Ruiz et al., 1995). Also, a
major unknown is the effect of wastewater particle quantity and size
on PAA disinfection efficiency (Falsanisi et al., 2008). While it has been
demonstrated that high disinfection efficiency can be achieved with
PAA in wastewater containing TSS up to 100 mg/L, suspended solids
in CSOs can range from 10 to over 1000 mg/L (Lefevre et al., 1992;
USEPA, 1999). The particle size of solids in CSOs, ranging from a fewmi-
crons to hundreds of microns, may allow larger solids to shelter patho-
gens fromdisinfection. Also, disinfectantsmay reactwith organics in the
solids, limiting the available biocide concentration (Coyle et al., 2014).

Previous work on PAA disinfection has shown that disinfection effi-
ciency decreases with increasing TSS (Kitis, 2004). Studies have also
looked into bacterial sheltering and tailing phenomena produced by
suspended solids during UV and chlorine disinfection (Liang et al.,
2013; Yong et al., 2009). Tailing occurswhen a group ofmicroorganisms
survives disinfection and the population stabilizes with extended disin-
fection time (Liang et al., 2013). Despite previous studies into the TSS ef-
fect, little has been done to correlate suspended solids sizes with
disinfection efficiency and to study the direct effect of disinfection on
particles using microscopy (Falsanisi et al., 2008). The solids present in
CSOs may provide a diffusive barrier that shelters bacteria from
disinfection.

The objective of this study was to determine the effect of suspended
solids on PAAdisinfection efficiency, and to compare PAA disinfection to
disinfection by free chlorine as hypochlorite, a conventional chlorine-
based disinfectant. Tests were carried out on a pure culture of E. coli
and on wastewater solids.

2. Materials and methods

2.1. Disinfection of E. coli

Initial disinfection tests were performed on suspended E. coli cul-
tures in a synthetic medium. E. coli were grown to exponential phase
on 2% Luria Bertani broth (LB) in batch culture. Cells were centrifuged
for 5 min at 6,700 g, washed, and re-suspended with physiological sa-
line solution (0.85% NaCl in deionized water) to a cell count of approx-
imately 108 to 109 CFU/mL. A 1 mL aliquot was inoculated into tubes
containing 9 mL of PAA in saline solution, with concentrations ranging
from 0.5 ppm to 2.0 ppm as PAA. The tubes were placed on a shaker at
ambient temperature for a 10-min contact time, which has been report-
ed as an effective contact time for PAA disinfection (Kitis, 2004). Imme-
diately after disinfection, samples were centrifuged, washed in saline
solution, plated onto Coliscan Easygel® plates (Micrology Laboratories,
Goshen, IN), and incubated overnight at 36 °C. Colonies were quantified
using the dilution to extinction method. The same procedure was used
to assess sodium hypochlorite disinfection, using concentrations of 2
to 10 ppm as Cl.

2.2. PAA and chlorine quantification

A 39% PAA solution (Sigma-Aldrich, St. Louis, MO, USA) and a Hypo-
chlorite solution (Clorox, Oakland, CA, USA) were diluted to working
concentrations of 10 ppm to 100 ppm. A spectrophotometric method
was employed to validate initial PAA and hypochlorite concentrations,
and to later quantify residual disinfectant (Harvey and Howarth,
2010). This method is based on the colorimetric reaction of iodide ion
and a N,N-diethyl-p-phenylenediamine (DPD) indicator, and can be
easily implemented using commercially-available kits for measuring
total chlorine, such as the Hach DPD total chlorine test (Hach Company,
Loveland, CO). Samples were prepared using the total chlorine kit and
measured at 530 nm, per the manufacturer's instructions. A simple cal-
culationwas performed to convert the test result of PAA samples (given
as ppm of chlorine) to ppm of PAA, based on themolecular weight ratio
of PAA to Cl2 (76:71, or 1.07).

2.3. Characterization of wastewater primary influent

Experimentswere carried out onwastewater samples collected after
preliminary treatment (primary clarifier influent) from a local munici-
pal wastewater treatment plant (Mishawaka Wastewater Treatment



Fig. 1. Representative inactivation kinetics by PAA and hypochlorite for E. coli. pH = 7.5,
log-linear fit model.
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Plant, Mishawaka, IN), to mimic the TSS and bacterial content of a CSO.
Thewastewater had a pH of 7.5. Serialfiltration separated thewastewa-
ter into the following fractions: unfiltered “raw”wastewater, wastewa-
ter with TSS N 100 μm, and wastewater with TSS N 10 μm. The larger
fractions were normalized in terms of TSS concentrations by diluting
with filtered primary effluent wastewater (0.2 μm filter). TSS was mea-
sured for each fraction using the StandardMethods for the Examination
of Water and Wastewater (APHA et al., 2005).

2.4. Disinfection of primary influent

Disinfection tests were performed on each wastewater size fraction
to investigate the effect of suspended solids size on disinfection of
CSO-likewater. As a control, a 5-mL sample of each fractionwas sonicat-
ed and plated prior to disinfection to assess the total bacteria count
“sheltered” in the solids. The sonication dose applied was 50 J/mL,
which was determined to be the optimal dose for releasing the greatest
number of viable cells from solids. For disinfection tests, 10-mL tripli-
cate samples of each normalized fraction containing a concentration of
0.5 to 1.5 ppm PAA were tested. The tubes were placed horizontally
on an orbital shaker at ambient temperature for a 10-min disinfection
contact time. Disinfected samples were centrifuged and the pellets
were resuspended in physiological serum and plated onto Coliscan®
plates, following the dilution to extinctionmethod. Plates were incubat-
ed overnight at 36 °C, and the colonies were quantified using a stereo-
microscope. This procedure was repeated using hypochlorite solutions
of concentration 2 to 4 ppm.

2.5. pH tests

To determine the effect of pH on disinfection tests, the wastewater
fractions were each adjusted to a pH of 8.5 or 6.5, using either NaOH
or HCl, as appropriate. Disinfection tests were conducted as previously
described with the pH-adjusted wastewater, using concentrations of
0.5 ppm PAA or 2.0 ppm hypochlorite for a 10-min disinfection contact
time.

2.6. Microbial enumeration

Pre- and post-disinfection plating was performed to enumerate
culturable bacteria. Serial dilutions were plated on Coliscan® plates.
The plateswere incubated at 36 °C overnight and colonieswere counted
using a stereomicroscope. The bacterial inactivation (I) was expressed
as the viable counts log reduction after a disinfection test according to
the following equation:

I ¼ log
N
N0

ð1Þ

where N and N0 are the colony forming units present after disinfection
and the initial colony count prior to disinfection, respectively.

2.7. Microscopy

Cell viability was assessed using three different staining methods. A
FilmTracer™ Live/Dead® Biofilm Viability Kit (BacLight; InVitrogen by
Life Technologies, Carlsbad, CA) was utilized to prepare a two-color
fluorescence assay of bacterial viability based on membrane integrity.
In this kit, the SYTO®9 nucleic acid stain diffuses through all bacterial
membranes to stain the cells green. Propidium iodide (PI) penetrates
cells with compromised membranes, and the combination of the two
stains produces red fluorescing cells. The wastewater samples were
combined with the stain in a 1:5 ratio (sample:stain) and were allowed
to incubate for 10 min prior to observation with a fluorescent imaging
microscope.
Samples were also subjected to staining by 5-Cyano-2,3-ditolyl tet-
razolium chloride (CTC), which is reduced by actively-respiring cells
to CTF, the red-fluorescing formazoan crystals of CTC. Wastewater sam-
pleswere combinedwith a 4mMCTC solution and incubated for 10min
prior to microscopy.

DAPI nucleic acid stain was used as a counterstain to CTC in order to
indicate total cells present. The 1mg/mL solution stained nucleoidswith
blue fluorescent stain. This double-staining procedure allowed for the
identification of viable cells among the entire cell population.

For both staining procedures, a fluorescent imaging microscope
(Nikon Eclipse 90i), equipped with a 40× oil immersion objective, was
utilized to capture images of fluorescing cells. Images were processed
using ImageJ software (http://rsb.info.nih.gov/ij/).

2.8. FTIR

Fourier transform infrared spectroscopy (FTIR)was employed to fur-
ther investigate the mechanisms of bacterial disinfection by PAA and
hypochlorite, as shown elsewhere (Xue et al., 2012). The current
study analyzed the disinfection of a pure E. coli culture. To obtain a
large biomass sample, 1 mL of a culture grown overnight, was centri-
fuged (5 min at 6700 g) and washed with saline solution. The resus-
pended E. coli pellet was disinfected as previously described using
either PAA or hypochlorite. Immediately after disinfection, samples
were passed quickly through a 0.2 μmMillipore glass fiber filter (Darm-
stadt, Germany),which collected the disinfected cells. Filterswere dried
at room temperature and analyzed using an absorption spectrum from
4000 cm−1 to 400 cm−1 in a Bruker Tensor 27 FTIR using the OPUS
Data Collection software.

3. Results and discussion

3.1. Disinfection kinetics of E. coli

To demonstrate the relative susceptibility of the pure E. coli culture
to disinfection by PAA or hypochlorite, inactivation curves were plotted
as the log of the fraction of culturable bacteria (log (N/N0)) versus Ct
(disinfectant concentration × contact time) (Fig. 1). The Ct (mg-
min L−1) was changed by varying the disinfectant concentration for
the same 10-min contact time. Results indicated that, after a given
“lag Ct” of inactivity, E. coli was susceptible to rapid disinfection by
both PAA and hypochlorite.

To obtain a more quantitative evaluation of the non-log-linear sur-
vival plot of E. coli inactivation, the Geeraerd and Van Impe inactivation
model-fitting tool was used (GInaFiT, Version 1.5; KU Leuven, Belgium).
The applied model used a log-linear model with shoulder and tailing

http://rsb.info.nih.gov/ij
Image of Fig. 1


Fig. 2. Representative inactivation kinetics for total coliforms in primary effluent
wastewater with different suspended solids size fractions using a) PAA and b)
hypochlorite, pH = 7.5 (error bars ±1 standard deviation, N = 4).
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(Eq. (1); (Geeraerd et al., 2005). The shoulder (S1) accounts for the lag
time before the bacteria respond to disinfection, while the tailing
(Nres) accounts for the number of resistant colonieswhich survive disin-
fection. The specific inactivation rate (kmax) indicates the rates of inacti-
vation.

Nt ¼ N0−Nresð Þe −kmaxtð Þ e kmaxS1ð Þ

1þ e kmaxS1ð Þ−1
� ��e −kmaxtð Þ þNres ð2Þ

While the rate of inactivation, kmax, was higher for hypochlorite, the
disinfection lag, S1, was approximately 8.2 times shorter for PAA (Table
1). This indicates that although hypochlorite acts at a slightly higher rate
to disinfect colonies, it requires a much longer CT before efficient disin-
fection can be achieved. Overall, it appears that PAA,with its shorter lag,
is the more efficient disinfectant for a pure E. coli culture.

Previous studies of PAA inactivation have observed similar trends of
disinfection lag with E. coli in the presence of low doses of PAA (Rossi et
al., 2007; Santoro et al., 2005). This trend has been attributed to initial
resistance to PAA imparted by the cell membrane, which delays PAA in-
activation effects (Rossi et al., 2007). It has also been shown that the re-
activity of capsular extracellular polymeric substances (EPS), which is
produced by many microorganisms, including E. coli, retards disinfec-
tion (Xue et al., 2012). Xue et al. (2012) found that capsular EPS pro-
vides multiple forms of protection against various disinfectants, as it
reduces membrane permeabilization by acting as a disinfectant con-
sumer or limits access to reactive sites on the cellular membrane. The
mechanism of protection is dependent upon the disinfectant species,
as EPS exhibits different levels of reactivity with different disinfectants
(Xue et al., 2012). Though it has not yet been studied, EPS may provide
better protection against hypochlorite than PAA.

The differences in disinfection mechanism between PAA and hypo-
chloritemay affect their disinfection efficiency. Active oxygen produced
during PAA reaction affects sulfhydryl and sulfur bonds in cell mem-
brane and proteins, whereas hypochlorite is nonselective and rapidly
reacts with both organic and nonorganic compounds (Baldry and
Fraser, 1988; Jolivet-Gougeon et al., 2006; Lefevre et al., 1992; Xue et
al., 2012). It is possible that PAA targets the EPS capsule, which is com-
posed of polysaccharides, proteins, and lipids. This would provide a
greater disinfection efficiency for the E. coli.

3.2. Disinfection kinetics of primary influent

The principal experiments conducted in this study utilized primary
influent from a local treatment plant in order to investigate the effect
of suspended solids size on disinfection of CSO-like water. Experimental
results plotted in Fig. 2 illustrate PAA and hypochlorite inactivation ki-
netics for various TSS size fractions as a function of different Ct values.
The Ct was obtained by using different PAA or hypochlorite concentra-
tions for a 10-min contact time.

Results were consistent with other studies, which demonstrated
that bacterial sheltering by coarse particles has the potential to reduce
disinfection efficiency (Falsanisi et al., 2008; Koivunen and
Heinonen-Tanski, 2005). The shielding phenomenon was observed for
both PAA and hypochlorite, where the smallest solids (b10 μm)
achievedmore efficient disinfection than larger solids. However, the dif-
ferences in disinfection efficiency were more significant for hypochlo-
rite, where there was a 2–3 log difference in inactivation among
particle-associated bacteria present in solids of various sizes.
Table 1
E. coli disinfection kinetic parameters.

S1 (mg-min L−1) kmax (min−1)

PAA 6.03 ± 2.21 2.37 ± 1.04
Hypochlorite 49.38 ± 3.46 3.03 ± 1.68
The difference between PAA and hypochlorite disinfection curves
may be attributed to their specific disinfection mechanisms. Reactive
oxygen produced by PAA affects bonds in cell membranes and proteins,
whereas hypochlorite is nonselective and rapidly reacts with both or-
ganic and inorganic compounds (Lefevre et al., 1992; Xue et al., 2012).
Previous studies have demonstrated that PAA is not significantly influ-
enced by variability in the composition of wastewater, whereas hypo-
chlorite is highly sensitive to changes in organic matter, which
compromises its disinfection efficiency (Baldry et al., 1991; Baldry et
al., 1995; De Luca et al., 2008; Lazarova et al., 1998).

It was also observed that none of the disinfection curves obtained in
this experiment exhibit the large “shoulders” shown in the tests with
suspended E. coli cultures (Fig. 1). This observation indicates that cells
in wastewater are more susceptible to immediate disinfection than
the cultured E. coli, which is known to form a protective EPS capsule.

The tailing trend that was previously observed with the inactivation
of a suspended E. coli culture is seen with hypochlorite inactivation of
particle-associated total fecal coliforms. Tailing is an indicator of de-
creasing inactivation rate, and occurs at high Ct values due to highly re-
sistant bacterial cultures (Koivunen and Heinonen-Tanski, 2005). Some
of the tailing observed with hypochlorite disinfection could be due to
bacterial sheltering by coarse particles or microbial clumping
(Koivunen andHeinonen-Tanski, 2005). It is clear that hypochlorite dis-
infection efficiency is reduced for larger particles, and cells located at the
middle of dense solids could bemore difficult to disinfect. This indicates
that a higher concentration of hypochlorite would be necessary in order
to achieve efficient disinfection of particle-associated bacteria.

3.3. pH tests

Because CSOs are variable in composition, their pH can fluctuate
(USEPA, 1995). To understand how the variation of pH might affect
treatment by PAA and hypochlorite, wastewater fractions were adjust-
ed to a pH of 6.5 and 8.5 prior to disinfection. It was observed that the
disinfection efficiency of PAA increased in more acidic conditions
(Fig. 3). On the other hand, hypochlorite disinfection efficiency signifi-
cantly increased in more alkaline conditions.

Image of Fig. 2


Fig. 3. Effect of pH on total coliform inactivation in primary effluent. a) PAA, Ct= 5mg-min L−1 and, b) hypochlorite, Ct= 10mg-min L−1 (error bars± 1 standard deviation,N=3, not
visible on the scale).
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Fig. 3 shows the effect of particle size for one Ct value. Consistent
with Fig. 2, PAA was not significantly affected by particle size for pH
values of 7.5 and 8.5. However, at a pH of 6.5, the disinfection efficiency
was nearly one log higher for the smaller particle size.

At a pH value below PAA's pKa of 8.2, the un-dissociated form of PAA
(CH3CO3H) spontaneously decomposes to produce reactive oxygen,
reaching a maximum decomposition rate at pH 8.2 (Colgan and Gehr,
2001; Kitis, 2004; Yuan et al., 1997). When the pH of solution rises
above 8.2, the ionized formof PAA (CH3CO3

−) dominates and hydrolyzes
to produce peracetate ions and acetate ions (Coyle et al., 2014). The rate
of hydrolysis increases with increasing pH. Because peracetate and ace-
tate ions have minimal disinfecting capacity, the disinfection efficiency
of PAA is greatly reduced when used in solution with a pH N8.2
(Baldry and French, 1989a; Sanchez-Ruiz et al., 1995; Yuan et al.,
1997). Baldry and French (1989a) also found that neutral ormildly acid-
ic conditions promoted greater PAA efficiency against fecal coliforms
than alkaline conditions. It should also be noted that smaller particles
allowed for greater disinfection efficiency with PAA. This trend was
more significant at acidic pH than in the disinfection experiments of pri-
mary effluent at neutral pH and same Ct, as shown above.

For hypochlorite disinfection, there was no observable trend with
solids size. Moreover, all of the samples of pH 8.5 reached full disinfec-
tion, while the samples of pH 6.5 were less-efficiently disinfected,
which was unexpected. In aqueous solutions an equilibrium is formed
between hypochlorous acid (HOCl) and hypochlorite anion (OCl−),
with a pKa value of 7.5. HOCl and OCl− together form free chlorine.
Both are non-specific oxidants that readily react with dissolved and
Live Dead 

a)

Fig. 4. Fluorescentmicroscopy of solid particles before (top) and after (down) treatmentwith PA
Scale bar = 100 μm.
particulate organic matter. Typically, hypochlorite disinfection is more
active below a pH of 7.5, when chlorine is mainly present in the more
reactive unionized state HOCl. HOCl is much more reactive to cells
than OCl−, and reaction rates tend to increase with decreasing pH
(McDonnell and Russell, 1999). HOCl is also more prone to penetrate
bacterial cellmembranes to attack DNA andproteins, because itsmolec-
ular structure is similar to water and also lacks electrical charge (Del
Carpio-Perochena et al., 2015). However, for bacteria contained in a par-
ticulate organic matrix, diffusion of active chlorine can be overcome by
its fast consumption due to reaction with organic compounds, reducing
its biocidal effect (Stewart et al., 2001). According to the reaction–diffu-
sion theory, a less reactive biocide should penetrate organic material
more effectively (Chen and Stewart, 1996). This can explain the ob-
served trend at pH above 7.5, where the OCl− ions predominate and
the highest disinfection efficiency was observed. On the other hand, at
alkaline conditions HOCl can dissolve a greater quantity of particulate
organic matter (Del Carpio-Perochena et al., 2015). We hypothesize
that a higher dissolution of particulate organic matter may expose bac-
terial cells sheltered in particles, and make them more susceptible to
disinfection.

3.4. Microscopy

Previous studies have shown that fluorescent staining, coupled with
plate count methods, can be used to investigate disinfectant efficiency
in suspended cultures by enumerating both viable and total counts of
bacteria after disinfection (Xue et al., 2012). Cells are “alive” when
CTC DAPI 

b)

A (Ct= 10mg-min L−1), showing (a) live and dead cells, and (b) respiring and total cells.

Image of Fig. 4
Image of Fig. 3


Fig. 5. FTIR absorbance spectra of E. coli disinfection. a) PAA, t0, 0.5 ppm, 5 ppm, 25 ppm. b) Hypochlorite, t0, 2 ppm, 20 ppm, 100 ppm.
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they exhibit an intact cell membrane or respiratory activity. Fig. 4A
shows representative microscopy images of LIVE/DEAD staining obser-
vations with disinfection of particle-associated bacteria on suspended
solids. As expected, staining indicated that most cells were alive (i.e.,
their cell walls had not been compromised) prior to disinfection. How-
ever, the same trend was observed post-disinfection, where, unexpect-
edly, particles of all fractions maintained similar areas with viable cells
after disinfection. In order to further investigate this phenomenon,
CTC, a metabolic stain, was employed to provide an indication of active-
ly respiring cells (Fig. 4B). DAPI, a nucleic acid stain, was used as a coun-
terstain to CTC in order to show the total cells present. With the
counterstain, it was observed that the number of respiring cells ap-
peared similar to the total cells present, reinforcing previous results
that indicated that cells remained viable post-disinfection.

Thus, PAA impacts the culturability of disinfected bacteria, but not
necessarily their viability. Similar results have previously been found
for chlorine-based disinfectants (Oliver et al., 2005).

3.5. FTIR

FTIR was used to investigate the mechanism of disinfection by PAA
and hypochlorite on E. coli cells. FTIR measures vibrational transitions
by light absorption, and generates absorbance peaks to indicate the var-
ious frequencies and intensities of light absorbed by the sample. FTIR
can be utilized to probe the chemical composition of bacterial cells
and to observe changes caused by disinfectants at the functional group
level (Holt et al., 1995; Xue et al., 2012). Xue et al. (2012) used FTIR to
identify spectral bands that were altered during disinfection of three
bacterial species bymonochloramine and chlorine. Based on the results
of that study, it was expected that the absorption bands of the cells
disinfected by PAA and hypochlorite would show alteration at the
3700–2700 and 1800–900 cm−1 wavelengths, indicating specific cellu-
lar functional group changes produced by chemical reaction with the
disinfectants.

Unaltered and first-derivative transformed spectra for PAA- and hy-
pochlorite-treated E. coli samples are shown in Fig. 5 and Fig. S1, respec-
tively. The unaltered spectra of the E. coli samples, both prior to
disinfection and after disinfection by PAA and hypochlorite, respective-
ly, appear to be very similar to the patterns obtained by Xue et al. (2012)
(Fig. 5). The first-derivative transformed spectra show significant differ-
ences in the absorbance peaks for the disinfected samples compared to
E. coli samples taken prior to disinfection (Fig. S1). Based on the charac-
teristic band assignment summarized by Xue et al. (2012), the spectral
bands primarily impacted were the N\\H deformation and C\\N
stretching of amide, at the 1620–1590 and 1550–1510 cm−1 ranges.
Less significant absorbance changes were observed for peaks associated
to the C\\H and O\\H deformation vibrations of carbohydrates, at the
1460–1350 cm−1 range (Fig. S1). These results suggest that PAA andhy-
pochlorite may a higher interaction with protein than polysaccharides
groups in E. coli. The first-derivative transformed absorption peaks
from the PAA- and hypochlorite-disinfected samples are in phase with
one another, suggesting that the overall mechanism of disinfection of
both PAA and hypochlorite may target the same functional groups
(Fig. S1). The FTIR spectra were also transformed by taking the second
derivative, with the goal of comparing the second derivative trans-
formed absorption spectra to those obtained by Xue et al. (2012). How-
ever, the intensities of the second derivative peaks were very low, and
no obvious trends were observed (data not shown).

4. Conclusions

This study provides a direct comparison of two disinfectants, PAA
and hypochlorite, on CSO-like wastewater and for a water matrix con-
taining a pure E. coli culture. While hypochlorite reached a higher max-
imum inactivation rate for the pure E. coli culture, hypochlorite required
much higher CT values than PAA before effective disinfection could
begin.

Inactivation of CSO-like water containing suspended solids was
studied at pH values of 6.5, 7.5, and 8.5. In these tests, disinfection by
PAA was more efficient than disinfection by hypochlorite for all solids
size fractions. In fact, particle size had little effect on PAA disinfection ef-
ficiency, while it had amuch greater effect on hypochlorite disinfection.
However, PAA disinfection efficiency decreased at pH values above 7.5.
Similar to hypochlorite, disinfection by PAA left cells in a viable but not
culturable state.

Results from FTIR showed changes in the chemical composition of E.
coli cells, and suggested that PAA compromises cells in a similar way to
hypochlorite, targeting protein and polysaccharides functional groups.
Further data analysis is necessary in order to determine how the specific
chemical nature of the bacteria is changed upon disinfection.

Overall, this research suggests that PAA is an effective disinfectant
for CSOs. These results may also have important practical implications
for utilities considering PAA disinfection. It also may have implications
for the disinfection of biofilms, or for disinfection in cases where cells
are embedded in a particulate organic matrix.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.04.179.
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