
Effect of suspended solids on peracetic acid decay and 
bacterial inactivation kinetics: 

Experimental assessment and definition of predictive models
Laura Domínguez Henao, Matteo Cascio, Andrea Turolla, Manuela Antonelli ⁎
Politecnico di Milano, Department of Civil and Environmental Engineering (DICA) - Environmental Section, Piazza Leonardo da Vinci 32, 20133 Milano, Italy
AA decay and bacterial 
 mg/L), obtained from 
The work addresses the effect of total suspended solids (TSS) on disinfection by peracetic acid (PAA) concerning both P
inactivation kinetics. The effect of TSS on PAA decay was evaluated at five TSS con-centrations (5, 40, 80, 120 and 160
 
 
 

stock TSS solutions prepared from activated sludge sam-ples. The influence of the soluble matter associated to the suspended solids on PAA
decay was evaluated separately, using the same stock TSS solution after the removal of solids by filtration. The contributions of suspended and
soluble fractions were found to be independent, and a predictive model formed by two additive sub-models was proposed to describe the
s per-formed by a series of Monte Carlo simulations to propagate the 
overall PAA decay kinetics. Moreover, an uncertainty analysis wa

 
 

uncertainties associated to the coefficients of the model. Then, the disinfectant dose (mg/L min) was highlighted as the main parameter
determining disinfection efficiency on a pure culture of E. coli and an inactivation kinetic model was developed based on the response of E. coli
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TSS (40 and 160 mg/L) on the inactivation of free-swimming E. coli was investigated at two PAA
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Nomenclature

PAA peracetic acid
CSO combined sewer overflow
WWTP wastewater treatment plant
TSS total suspended solids (mg/L)
PAB particle associated bacteria
E. coli Escherichia coli
DPAA peracetic acid dose (mg/L min)
MBBR moving bed biofilm reactor
CAS conventional activated sludge
BOD biological oxygen demand (mg/L)
COD chemical oxygen demand (mg/L)
Ntot total nitrogen (mg/L)
PO4

3− phosphate (mg/L)
CFU colony forming units
N0 initial number of bacteria before disinfection (CFU/mL)
N number of bacteria after disinfection (CFU/mL)
ABS absorbance
y, z coefficients of the standard curve for PAAmeasurement
PAA0 initial PAA concentration (mg/L)
PAAt PAA concentration at time t (mg/L)
OD oxidative demand (mgPAA/L)
t contact time (min)
k decay rate constant (min−1)
kblank blank decay rate constant (min−1)
ksol decay rate constant ascribable to the soluble matter

(min−1)
kTSS decay rate constant ascribable to the suspended and

soluble matter (min−1)
k⁎ decay rate constant ascribable to the suspended matter

(min−1)
a1, a2, b1, α, β coefficients of the non-linear regression

k’ bacterial inactivation rate constant
n, m, x parameters of the generalized inactivation rate (GIR)

model
C disinfectant concentration in the GIR model (mg/L)
h parameter of the E. coli inactivation model
due to its powerful antimicrobial activity (Kitis, 2004; Luukkonen et al.,
2014) combined with a limited formation of disinfection by-products
(Dell'Erba et al., 2007; Liberti and Notarnicola, 1999), even in case of
poor quality of the water matrix, as for combined sewer overflows
(CSOs) disinfection (US EPA, 1999). However, PAA decays rapidly in
aqueous solutions (Yuan et al., 1997). Previous studies suggested that
thewatermatrix composition, particularly organic and suspendedmat-
ter content, has a significant influence on PAA decay, as readily oxidable
compounds immediately consume the disinfectant (Falsanisi et al.,
2006; Koivunen and Heinonen-Tanski, 2005; Lazarova et al., 1998; Liu
et al., 2014; Pedersen et al., 2013). Therefore, guarantying a sufficient
amount of disinfectant to reach bacterial inactivation targets, while
avoiding high residuals at effluent discharge, is a key objective in the de-
sign and operation of effective disinfection systems.

Suspended solids in wastewater treatment plants (WWTPs) include
a wide and heterogeneous group of particles whose characteristics and
composition are determined by a combination of factors, including the
characteristics of the influent wastewater, which mainly depend on
the source (domestic, industrial, agricultural, storm) and on the type
of the sewer (combined or separated), and the treatment processes oc-
curring in the WWTP. A key element when dealing with suspended
solids is the particle structure, that is not smooth and rigid but rather
an irregular sponge-like matrix characterized by pores of different
sizes in which bacteria can be shielded (Dietrich et al., 2003).
Suspended solids affect PAA disinfection mainly by two mecha-
nisms: (i) consumption of PAA entailing a reduction of the available
concentration for disinfection and, thus, a lower PAA exposure dose
for bacteria inactivation, and (ii) shielding of bacteria against the action
of the disinfectant.

As for PAA decay, previous works investigated the contribution of
soluble organic content in terms of macro-parameters such as chemical
oxygen demand (COD) and biological oxygen demand (BOD), while the
effect of suspended matter has been scarcely studied, although it has
been observed in different works (Chhetri et al., 2016, 2014; Falsanisi
et al., 2008; Koivunen and Heinonen-Tanski, 2005; Lazarova et al.,
1998; Lefevre et al., 1992; McFadden et al., 2017; Sánchez-Ruiz et al.,
1995; Stampi et al., 2001). Several authors have indicated that primary
effluents and CSOs require higher PAA concentrations for disinfection
than secondary and tertiary effluents (Chhetri et al., 2016; Gehr and
Cochrane, 2002; Koivunen and Heinonen-Tanski, 2005; Luukkonen et
al., 2014). Furthermore, Chhetri et al. (2016) observed that a pre-treat-
ment of CSO for the removal of suspended solids decreases the required
disinfectant dosage.

Regarding the protective shielding afforded to bacteria, suspended
solids play a major role. Microbial aggregates and microorganisms at-
tached to or embedded into particles demonstrated increased resistance
to inactivation by different disinfectants compared to non-attached,
free-swimming microorganisms (Bohrerova and Linden, 2006;
Dietrich et al., 2007; LeChevallier et al., 1984; Winward et al., 2008).
However, it should be considered that approximately 99% of the overall
bacterial population in wastewater is free-swimming (i.e., bacteria size
b 10 μm) and only approximately 1% or less consists of particle associ-
ated bacteria (PAB) (Falsanisi et al., 2008; Qualls et al., 1985, 1983). As
for the particle size of suspended solids, Falsanisi et al. (2008) observed
that it has a paramount importance during PAA disinfection, as the pro-
tection afforded by TSS was 0.6 and 1.3 logs for solids between 10 and
120 μm and N120 μm, respectively, whereasMcFadden et al. (2017) ob-
served that solid size in the range between 10 and 100 μm had a minor
effect on PAA disinfection. A decrease in disinfection efficiency of PAA
with increasing TSS concentrations has been observed in previous
works (Kitis, 2004; McFadden et al., 2017); however, limited research
has been conducted to elucidate this aspect. Stampi et al. (2001) re-
ported that the detrimental impact on PAA disinfection performance is
moderate and constant for TSS concentrations between 10 and 40mg/
L,while Lefevre et al. (1992) found that PAA presents an excellent disin-
fection performance even up to 100 mg/L.

When dealingwith PAA disinfection, another key aspect is related to
the actual dose (mg/L min) as the main parameter determining disin-
fection efficiency, whose estimation must depend on the changing con-
centration of disinfectant at which bacteria are exposed over contact
time (Santoro et al., 2015). Usually the design and operation of disinfec-
tion processes with chlorine-based compounds, for simplicity, is based
on the estimation of the exposure dose calculated as the product of ini-
tial disinfectant concentration and contact time. Consequently, themost
widely used inactivationmodels are based on this concept and therefore
on these two parameters. However, this approach neglects the disinfec-
tant decay, thus it is not a reliable predictor for PAA disinfection perfor-
mance. On the contrary, PAA decay should be considered in the
calculation of the actual PAA dose (DPAA), considering the disinfectant
active concentration at any contact time (Haas and Joffe, 1994; Turolla
et al., 2017).

The present study aims at elucidating the effect of suspended solids
on PAA decay and E. coli inactivation performance. PAA decay was
assessed in the presence of five different TSS concentrations (5, 40, 80,
120 and 160 mg/L), representing secondary effluents of good (well set-
tled) and medium (not well-settled) quality, and CSOs. In detail, stock
TSS solutions were prepared from activated sludge samples to obtain
test solutions at different TSS concentrations. In addition, the effect on
PAA decay of the soluble matter in solution with suspended solids was
also evaluated, after removing the solids by filtration at 0.45 μm. A



Table 1
Physical-chemical characteristics of the stock TSS and filtrate solutions.

Parameter WWTP-A WWTP-B

Stock TSS solution Stock filtrate solution Stock TSS solution Stock filtrate solution

Particle size (mean± st.dev.) μm 1.013 ± 0.127 – 1.568 ± 0.881 –
UV254 cm−1 0.292 0.057 0.168 0.047
TSS mg/L 450 – 240 –
COD mg/L 408 195 204 137
Ntot mgN/L 22 12 17 9.9
PO4

3− mgP/L 5.2 3 0.85 0.37
mathematical model to relate TSS concentration and residual concen-
tration of PAA was developed, considering the contribution of
suspended and soluble matter. Then, the effect of TSS on PAA disinfec-
tion efficiency has also been addressed. For this latter purpose, firstly
PAA dosewas validated as themain parameter determining disinfection
efficiency. The dose-response curve of a pure culture of E. coli in sa-
line solution was determined and a log-inactivation model to de-
scribe E. coli inactivation as a function of the actual disinfectant
dose was studied. The independence of the extent of bacterial inacti-
vation from the operating conditions was tested by exposing bacteria
to same PAA doses obtained with different combinations of initial
PAA concentration and contact time (t). Finally, the effect of TSS on
PAA disinfection was assessed at two PAA doses in order to verify
the existence of a potential defense mechanism for bacteria against
disinfection afforded by TSS. For instance, TSS possibly might act as
a condensation nucleus that favors aggregation of bacteria, as pro-
posed in previous works (Bohrerova and Linden, 2006; Mir et al.,
1997; Turolla et al., 2017).

2. Materials and methods

2.1. Reagents

PAA technical grade solution (VigorOx® WWTII) was supplied by
PeroxyChem, whose composition as weight percentage is 15% of
peracetic acid, 23% of hydrogen peroxide and 16% of acetic acid. The
PAA concentration in the commercial solution was checked monthly
by iodometric titration (Sully and Williams, 1962). The LB broth (10 g/
L of tryptone, 5 g/L of yeast extract and 5 g/L of NaCl) and the saline so-
lution (9 g/L of NaCl)were prepared in deionizedwater and sterilized in
autoclave at 120 °C for 20 min. All chemicals were reagent grade pur-
chased from Sigma Aldrich, except for DPD (N,N-diethyl-p-
phenylenediaminesulfate) salt and test kits that were provided by
Hach Lange, whereas tryptone, yeast extract and C-EC Agar were sup-
plied by Biolife.

2.2. Preparation of stock TSS and filtrate solutions

Activated sludge sampleswere collected from two conventionalmu-
nicipal wastewater treatment plants inMilan area (WWTP-A and -B, re-
spectively). Both WWTPs are based on a treatment train composed of
preliminary treatments, denitrification/nitrification biological reactors
and clarification tanks. The WWTPs have different configurations of
the biological process: WWTP-A is equipped with a conventional acti-
vated sludge (CAS) biological reactor with suspended biomass, while
WWTP-B combines CAS reactor with a Moving Bed Biofilm Reactor
(MBBR) in which biomass additionally grows immobilized on plastic
media. The activated sludge samples were collected in the aeration
basins.

The concentrated stock TSS solutions were prepared by collecting
the supernatant of the activated sludge samples after 2 h of settling,
which was assumed to be representative of the suspended solids in a
secondary effluent before disinfection. The soluble fraction associated
to the stock TSS solution (stock filtrate solution) was obtained by
filtering a portion of the stock TSS solution using acetate-cellulosemem-
branes (0.45 μm pore size, Sartorius). Both stock solutions were steril-
ized at 120 °C for 30 min. The stock TSS solutions were analyzed for
particle size distribution, absorbance at 254 nm (UV254), TSS, COD,
total nitrogen (NTot) and phosphate ion (PO4

3−) concentrations, while
the stock filtrate solutions were analyzed for UV254, COD, total nitrogen
and phosphate ion concentrations, as summarized in Table 1. No signif-
icant changes were observed in particle size distribution after steriliza-
tion. Stock solutions were stored in the dark and at 4 °C for up to two
weeks.

2.3. E. coli pure culture preparation and cell enumeration

The E. coli (DH5α) pure culture was provided by the Laboratory of
Environmental Engineering of the Politecnico di Milano (LIA) and it
was grown to exponential phase overnight in LB broth incubated at
37 °C for 24 h in an orbital incubator SI600 (Stuart) with continuous
shaking speed at 90 rpm. E. coli cells were centrifuged for 20 min at
4000 rpm, washed and re-suspended three times with saline solution
to achieve a cell count of approximately 108 to 109 CFU/mL. The number
of cells in thewashed cell suspensionwas roughly estimated bymeasur-
ing the optical density at 600 nm (Unicam UV/VIS 2 - optical path 10
mm) and the viable cells were enumerated as colony forming units by
single plate-serial dilution spotting (SP-SDS) on chromogenic substrate
C-EC Agar (Biolife) after incubation at 37 °C for 18–24 h.

2.4. Experiments on PAA decay

1-h decay tests were performed in completely mixed batch reactors
(1 L) mixed by magnetic stirrer (380 rpm) in dark conditions at room
temperature (20 ± 1 °C). As for the assessment of the influence of TSS
on PAA decay, the stock TSS solution was diluted in deionized water
to obtain five different TSS concentrations (5, 40, 80, 120 and 160 mg/
L) and the effect on PAA decay was tested at three different initial con-
centrations of PAA (2, 5 and 8 mg/L). The stock filtrate solutions were
prepared adopting the same dilution factors of the stock TSS solution
in order to obtain the equivalent concentration of solublematter associ-
ated to each TSS concentration. The pH of the solutions was adjusted to
7.5 at the beginning of the tests with sodium hydroxide (NaOH, 1 M) or
sulfuric acid (H2SO4, 1 M), and it wasmonitored continuously (EcoScan
pH6, Eutech Instruments). Samples were collected at five contact times
(2, 5, 10, 30 and 60min) to measure the residual PAA concentration. As
for the blank decay of PAA at 2 and 5 mg/L, values determined in a pre-
vious work (Domínguez Henao et al., 2018) were adopted, whereas the
blank decay at 8 mg/Lwas estimated bymeans of the equation reported
by the cited authors and confirmed by PAA decay tests carried out using
the same setup as the aforementioned experiments. All the experiments
were repeated in triplicate.

2.5. Experiments on E. coli inactivation

1-hour disinfection tests were performed in Erlenmeyer flasks of
500mLwhere an aliquot of 25 μL of the washed cell suspension was in-
oculated into 250 mL of test solution, to reach an E. coli count of 106



Table 2
PAA doses (DPAA) and combinations (PAA0, t) of initial concentration of PAA (mg/L) and
contact time (min) tested. The dose-response curve was built using the underlined
combinations.

Test solution Combination # DPAA (mg/L min)

5 10 15 20 25

Saline solution 1 0.50, 10 – – 2.00, 10 –
2 0.25, 20 0.50, 20 – 1.01, 20 –
3 0.17, 30 – 0.50, 30 0.68, 30 –
4 0.11, 45 – – 0.50, 41 –
5 0.09, 60 – – 0.35, 60 0.50, 52

40 mgTSS/L 0.50, 13 – – 1.00, 11 –
160 mgTSS/L 1.00, 22 – – 2.00, 29 –
CFU/100mL approximately. Table 2 shows the experimental plan for E.
coli disinfection. In detail, the relation between the applied PAA dose
and the resulting E. coli inactivation (dose-response curve) was deter-
mined in saline solution at five PAA doses (5, 10, 15, 20 and 25 mg/L
min). The independence of the extent of bacterial inactivation from
the operating conditions was tested at three PAA doses (5, 10 and 20
mg/L min) varying the initial concentration of PAA (PAA0, in mg/L)
and contact time (t, min), according to the combinations shown in
Table 2. Regarding the evaluation of the effect of TSS on the disinfection
performance of PAA, it was tested at two TSS concentrations (40 and
160 mg/L), solely with the stock TSS solution prepared with the acti-
vated sludge from WWTP-A.

The extent of bacterial inactivation after disinfection tests was
expressed as the log-inactivation of viable colony forming units, log
(N/N0), where N0 and N are themicrobial densities before and after dis-
infection, respectively. Each disinfection test was replicated four times.

2.6. Analytical procedures

The size distribution of stock TSS solutions was determined using
Zetasizer Nano ZS90 (Malvern). The concentrations of TSS were mea-
sured according to Standard Methods (APHA/AWA/WEF, 2012) using
0.45 μm acetate-cellulose membranes (Sartorius). COD, total nitrogen
and phosphate ionweremeasured using test kits (LCK 114, 138, 349 re-
spectively) and a spectrophotometer Dr. Lange XION 500 (Hach Lange).

PAA residual concentrations weremeasured by the DPDmethod ac-
cording to Domínguez-Henao et al. (2018). The absorbance was mea-
sured by a Unicam UV/VIS 2 spectrophotometer at 530 nm (optical
path 40 mm). The interference of the suspended solids with spectro-
photometric measures due to light scattering was corrected by filtering
the samples on syringe filters (0.45 μm acetate-cellulose membranes)
prior to the absorbance measure.

Samples for microbiological analyses were collected in sterile flasks,
after the addition of 0.5 mL sodium thiosulfate (0.1 N) and 0.5 mL of bo-
vine catalase solution (600 units/mL) to quench residual PAA and H2O2,
respectively. Microbiological analyses were performed in two dilutions,
each one repeated twice. E. coli were enumerated by plate-count stan-
dard technique based on a membrane filtration procedure (method
7030C, APAT-IRSA/CNR, 2003) using sterile mixed cellulose esters
membrane (GN-6 Metricel® MCE Membrane Disc Filters, Pall). E. coli
were cultured on chromogenic substrate C-EC agar and incubated at
37 °C for 18–24 h. The colonies of E. coli were evidenced as green-blue
colonies, fluorescent under the light of a Wood lamp (365 nm). Results
were expressed as colony forming units (CFU) in a reference volume of
100 mL (CFU/100 mL).

2.7. Data processing

The standard curve for PAA measurement was obtained through a
linear least-square regression (R2 = 0.9995). The equation was
ABS530 = y + z · PAA, where ABS is the absorbance value at 530 nm
and PAA is the concentration of PAA (mg/L). The estimated coefficients
are y=0.0624, z=0.5563. The residual PAA concentrations measured
during decay testswere plotted over time for each experiment (residual
PAA concentrations at five contact times in triplicate, for a total of 15
data) and interpolated with a non-linear least-square regression ac-
cording to a modified first-order kinetic model proposed by Haas and
Finch (2001) (Eq. (1)).

PAAt ¼ PAAo−ODð Þ � e−kt ð1Þ

where PAA0 is the initial PAA concentration (mg/L), PAAt is the concen-
tration at time t, k is the decay rate constant (min−1) and OD is the ini-
tial oxidative demand (mg/L).

PAA dose (DPAA) was quantified by estimating the area under the
PAA decay curve until a defined contact time (min) as in Eq. (2)
(Santoro et al., 2015):

DPAA ¼
Z t

0
PAAo−ODð Þ � e−k�tdt ¼ PAA0−ODð Þ

k
� 1−e−k�t
� �

ð2Þ

The estimation of regression coefficients and the Monte Carlo simu-
lations were performed in Mathworks Matlab R2017a, while the statis-
tical analysis was performed using Minitab 17.

3. Results and discussion

3.1. Effect of TSS on PAA decay

Experimental tests on TSS solutions accounted for the contribution
of suspended and soluble matter, whereas experiments with filtrate so-
lutions permitted to consider only the contribution of soluble matter.
Raw data from experimental tests and related fitting by the Haas and
Finch kinetic model are shown in Fig. S1 of Supporting Material, while
the values of initial oxidative demand (OD) and decay rate constant
(k) estimated by the non-linear least-square regression are reported
in Supporting Material (Tables S1 and S2 for WWTP-A and B, respec-
tively). In the following sections, estimated values are discussed.

3.1.1. Initial oxidative demand
The soluble matter associated to TSS exhibited scarce initial oxida-

tive demand, ranging from−0.8% to 4.9% and from−0.5% to 7.9% of ini-
tial PAA concentration for solutions prepared with the activated sludge
from WWTP-A and WWTP-B, respectively. In contrast, the estimated
values for initial oxidative demand due to TSS can be grouped in two
clusters. Thefirst one corresponds to the experiments on TSS concentra-
tions between 5 and 40 mg/L, for which the initial oxidative demand is
not affected by the presence of solids. These values are similar to those
observed in the experiments performed on the associated soluble frac-
tions. The second cluster corresponds to the experiments on TSS con-
centrations of 80, 120 and 160 mg/L, for which the presence of TSS led
to significantly higher initial oxidative demandwith respect to the asso-
ciated soluble fraction. Furthermore, for TSS concentrations higher than
80mg/L the initial oxidative demand was independent of TSS concen-
tration,while it depended on the initial PAA concentration. In detail, ini-
tial oxidative demand values of 0.4 and 0.8 mg/L were observed for 2
and 5 mg/L and for 8 mg/L, respectively. This finding suggests that the
limiting factor in the rapid oxidation reactions occurring between PAA
and organic matter is represented by PAA concentration.

3.1.2. Decay rate constant
Regarding the effect of TSS and associated soluble fraction on the

decay rate constant, an increasing trend with TSS concentrations was
observed. Fig. 1 summarizes the estimated values, referred to as kTSS
and ksol for the experiments performed on TSS and filtrate solutions, re-
spectively. The effect of low concentrations of both suspended and sol-
uble matter on PAA decay was negligible and comparable to the blank
decay of PAA (shown in Fig. S1 in Supporting material). In detail, kTSS



Fig. 1. Decay rate constants of the Haas and Finch kinetic model (mean± confidence interval at 95% of significance) as a function of TSS and PAA concentration for PAA decay tests on
soluble (ksol) and TSS (kTSS) solutions from WWTP-A (A) and WWTP-B (B).
and ksol values for 5 and 40mg/L at the three initial PAA concentrations
were comparable to kblank. The lack of statistically significant differences
was proven by an ANOVA test (p-value b 0.05).

At TSS concentrations higher than 40 mg/L the effect of the
suspended matter on PAA decay becamemore relevant, showing an in-
creasing trend with TSS concentrations. Indeed, kTSS values are about
five times higher than ksol values at TSS concentrations higher than
40 mg/L, evidencing that TSS content is the main driver of observed
PAA decay. Moreover, higher PAA concentrations led to lower values
of decay rate constants, thus a slower PAA decay. This trend has also
been observed in previous studies (Domínguez Henao et al., 2018;
Pedersen et al., 2009) during blank decay tests of PAA at different initial
concentrations. It was hypothesized that the higher the PAA concentra-
tion the more stable it is in solution.

As for the effect of the source of activated sludge, similar values for
decay rate constants were obtained for both WWTPs. Indeed, no signif-
icant differences were observed between the experimental data from
different WWTPs and the confidence intervals at 95% of significance of
the parameters overlap for the experiments at the same TSS and PAA
concentrations. Again, the lack of statistically significant differences
was assessed by an ANOVA test (p-value b 0.05).

Subsequently, a model was developed to relate the decay rate con-
stant with TSS concentration, composed of two sub-models separately
describing the effect of suspended and soluble matter. The choice to de-
scribe the effect of suspended and soluble matter as two additive ele-
ments was based on the independence that was observed between
the two components and on the likely assumption of negligible mutual
interaction, as observed by Dignac et al. (2000). In the following, the
structure of each sub-model is detailed and the results of the regressions
performed on experimental data are reported.

As for the contribution of soluble matter on decay rate constant, it
was effectively described based on COD concentration (CODsol). A linear
relationship was observed between the decay rate constants normal-
ized by the blank decay rate (ksol/kblank) and CODsol. According to the
linear regression, the sub-model formulation is reported in Eq. (3). As
observed in a previous work (Domínguez Henao et al., 2018), the COD
itself is not an effective predictor for PAA decay since it does not allow
to discriminate the effect of the different organic macromolecules (car-
bohydrates, lipids, protein and nucleic acids) on PAA decay. According
to the findings of the aforementioned work, only proteins are the
main drivers of PAA consumption.

However, since the effect of the soluble fraction associated to TSS
was evaluated adopting different dilution factors from the same stock
filtrate solution, it can be assumed that the different COD concentrations
are proportional to the concentration of soluble matter affecting PAA
decay. Moreover, a linear dependence on initial PAA concentration
was highlighted, whose effect was incorporated in the term γ, as evi-
denced in Eq. (4). Finally, the blank decay rate constant was defined
as reported in Eq. (5), being the formulation adopted from one deter-
mined by Domínguez Henao et al. (2018).

ksol
kblank

¼ 1þ γ � CODsol ð3Þ

γ ¼ a1 þ a2 � PAA0 ð4Þ

kblank ¼ 0:00128−6:24 � 10−5 � PAA0 ð5Þ

where CODsol is expressed in mgO2/L, k is the decay rate of PAA,
expressed in min−1, and PAA0 represents the initial PAA concentration
expressed in mg/L.

The effect of suspended matter on the decay rate constant was de-
scribed separately from the soluble part as an independent coefficient
k*, as shown in Eq. (6). In detail, under the assumption of independence
between effects, the difference between kTSS (overall decay rate ascrib-
able to suspended and soluble matter) and ksol (decay rate ascribable
only to solublematter) represents thedecay rate due to suspendedmat-
ter. A model to describe k* was obtained by means of a non-linear re-
gression on data obtained from the difference between kTSS and ksol
normalized by the kblank. The resulting model indicates that the effect
of suspendedmatter depends on TSS concentration and initial PAA con-
centration. The effect is null in the absence of TSS in solution, as ex-
pected.

k� ¼ kTSS−kSOL
kblank

¼ b1 � TSSα � PAA0
β ð6Þ

where TSS is the concentration of suspended matter (mg/L).
The overallmodel accounting for the effect of soluble and suspended

matter is obtained by merging Eqs. (3), (4) and (5), as presented in Eq.
(7), in which kTSS normalized by the kblank is defined:

kTSS
kblank

¼ ksol
kblank

þ k� ¼ 1þ a1 þ a2 � PAA0ð Þ � CODsol þ b1 � TSS∝ � PAA0
β ð7Þ

where a1, a2, b1,α and β are the coefficients of the non-linear regression.
The results of regressions on the dataset from each WWTP (parameter
estimates and main statistics) are reported in Supporting Material for
the sub-model for soluble matter (Table S3), for the sub-model for



Table 3
Main statistics and regression estimates for the overall model of the effect of suspended and soluble matter on PAA decay rate constant obtained from the single pooled dataset of both
WWTPs.

Parameter Soluble matter model Suspended matter model

a1 a2 b1 α β

Estimates 0.062 −0.006 0.085 1.263 −0.543
Min 95% confidence interval 0.044 −0.009 0.044 1.165 −0.609
Max 95% confidence interval 0.079 −0.002 0.125 1.36 −0.476
Standard error (SE) 0.009 0.002 0.021 0.049 0.034
t (df) 7.03 −3.505 4.074 25.59 −16.086
p-level be-11 be-04 be-05 be-58 be-35
R2 (adj-R2) 0.964 (0.963)
n 164
suspended matter (Table S4), and for the overall model (Table S5). In
addition to the effectiveness of both sub-models in describing the re-
lated phenomena, satisfactory results were obtained by the overall
model (R2 values equal to 0.972 and 0.965, respectively for WWTP-A
and WWTP-B).

Since confidence intervals at 95% of significance for estimated pa-
rameters overlap betweenWWTP-A andWWTP-B, it was hypothesized
that there are not significant differences between the two WWTPs,
therefore all the experimental data was analyzed as a single pooled
dataset. Results of regression are reported in Table 3, while a graphical
representation of the overall model is shown in Fig. 2.

The overall model obtained from the single pooled dataset of
WWTPs is effective in describing the effect of suspended and soluble
matter on PAA decay rate constant, as highlighted by the high R2

value. The negative values of a2 and β coefficients indicate that the det-
rimental effect is more pronounced at low initial PAA concentrations,
which is in agreement with the idea of a consumption mechanism de-
termined by the reaction of PAA molecules with other compounds,
suspended or dissolved.

It is interesting to observe that, according to the interpolated model,
the presence of 40mg/L of TSS causes decreases within 60min of 16, 7
and 4% of PAA initial concentrations of 2, 5, 8 mg/L, respectively. The de-
crease of the same initial PAA concentration turns into 61, 41 and 29%
respectively in the presence of 160 mg/L of TSS. This evidences the effect
of TSS content on PAA decay, which stresses the importance of an effi-
cient settling process for suspended matter removal in order to opti-
mize the disinfectant dosage. Furthermore, this outcome entails that,
when dealing with effluents with high content of suspended matter,
the measurement of the TSS concentration is a reliable and easy-to-
measure parameter to determine the decay rate and therefore the
half-life of a defined PAA initial concentration.
Fig. 2. 3D (left) and 2D (right) plots of the overall model of the effect of suspended and solub
concentration.
Lastly, an uncertainty analysis was performed by a series of Monte
Carlo simulations to propagate the uncertainties associated to the coef-
ficients of themodel on the output, in an analogousway as reported in a
previous work (Domínguez Henao et al., 2018). In detail, 7·104 lives of
the system were simulated for each combination of TSS and PAA con-
centrations assuming a normal probability distribution functions for
the coefficients. In addition, the correlation between the coefficients
was taken into account by the correlation matrixes obtained from the
regression.

Consequently, for each combination of TSS and PAA concentrations,
7·104 different decay rate constants (k) and PAA decay profiles have
been obtained. The different PAA concentration values computed at
each contact time has been analyzed from a frequent point of view
and the datawas fittedwith a probability density function (pdf). A Gen-
eralized Extreme Value (GEV) pdf was found to fit the data better than
the normal pdf assumed for the coefficients, which might be due to the
non-linear nature of the model. According to this hypothesis, a confi-
dence interval at 95% confidence has been estimated.

As an example, frequency histograms of Monte Carlo simulation re-
sults for 2 mg/L of PAA and 160 mg/L of TSS at five different contact
times (2, 5, 10, 30 and 60 min) and the related interpolations with
GEV pdf are shown in Fig. 3.

3.2. E. coli inactivation

3.2.1. Dose-response curve
Disinfection tests for building the dose-response curve were per-

formed in saline solution, in which PAA alone interacts with bacteria
and no other compound interferes with the disinfection process. Fur-
thermore, the saline solution is isotonic with the bacterial cells, which
nullifies the osmotic stress to the cells. The response of E. coli when
le matter on PAA decay rate constant as a function of TSS concentration and initial PAA



Fig. 3. Results of the exemplary Monte Carlo analysis for 7·104 simulations (2 mg/L of PAA and 160 mg/L of TSS). Computed PAA decay profiles over time (left); output distribution
(approximated by a GEV pdf) of the model at five different sections (2, 5, 10, 30 and 60min).
exposed to different PAA doses (5, 10, 15, 20 and 25mg/L min) deter-
mined in saline solution is presented in Fig. 4, where the log-inactiva-
tion (log N/N0) values are presented as a function of PAA dose.

In detail, DPAA was changed by varying the contact time at the same
initial PAA concentration (PAA0), while taking into account the PAA
decay in saline solution, which was assumed to be equivalent to the
blank decay (kblank) determined by Eq. (5) since it is not expected that
physiological salinity has any effect on PAA decay. Experimental results
indicated that, after an initial lag of inactivity, E. coli followed a rapid in-
activation by PAA. Log-inactivation values ranged from −0.6 to −5.3,
depending on the applied PAA dose. Comparable levels of E. coli inacti-
vation for similar PAA doses were observed in the study of McFadden
et al. (2017), inwhich the same strain of E. coliwas used, whereas a sim-
ilar level of E. coli inactivation requiredmuch larger doses in other stud-
ies (Rossi et al., 2007; Santoro et al., 2015). The differences in the
bacteria behavior can probably be attributed to the use of a pure lab cul-
ture of E. coli, characterized by a lower resistance to inactivation than
heterogeneous mixtures of bacteria naturally present in real effluents.

Nevertheless, a typical sigmoidal-shaped response of E. coli was ob-
served, as shown in Fig. 4, inwhich the initial lag phase is determined by
an initial resistance to inactivation, followed by an exponential inactiva-
tion phasewhere themaximum inactivation rate is achieved, andfinally
by an asymptotic inactivation phase, during which the inactivation rate
decreases (Mezzanotte et al., 2007). The initial shoulder trend is usually
Fig. 4. E. coli log-inactivation in saline solution at different PAA doses: experimental
(mean ± standard deviation) and modeled data. Confidence intervals at 95% of
significance are reported.
attributed to the diffusion resistance of PAA through the cell membrane,
which delays the inactivation effect (Rossi et al., 2007). Previous studies
of PAA inactivation reported similar trends of initial lag phase in the
presence of low doses of PAA (McFadden et al., 2017; Rossi et al.,
2007; Santoro et al., 2005). On the other hand, the final tailing-off
trend is commonly explained by the presence of suspended solids or a
genetic heterogeneity of microorganisms, resulting in different capaci-
ties of resistance to disinfectant (Profaizer, 1998; Rossi et al., 2007).
However, in this specific case, previous reasons could not explain the
tailing-off trend because only NaCl is present in saline solution and
only one type of DNA characterizes the E. coli culture. Therefore, it can
be hypothesized that the trend is caused by bacterial aggregation. In-
deed, bacteria tend naturally to aggregate in natural environments as
protection mechanism against extreme conditions (Bohrerova and
Linden, 2006;Mir et al., 1997). Consequently, bacteria located in the ex-
ternal part of the aggregate can be inactivated by the disinfectant, whilst
bacteria in the core of the aggregate might survive to PAA disinfection.

Some of the most commonly used inactivation models belong to a
family of special cases of the generalized inactivation rate (GIR)
model, according to Eq. (8) (Gyürék and Finch, 1998; Li, 2004; Santoro
et al., 2007).

dN
dt

¼ −k0CnmNxtm−1 ð8Þ

where k′ is the bacterial inactivation rate constant, n, m and x are model
parameters, C is the disinfectant concentration and t is the contact time.
The GIR parameters lead to the different inactivation models, namely
Chick-Watson, Hom, Power Law (Rational) and Hom Power Law
(HPL), which can be combined with the disinfectant decay kinetics, in
order to consider the loss of disinfectant in time. The inactivation equa-
tions with the disinfectant demand and their integrated solutions have
been described in previous works (Gyürék and Finch, 1998; Haas et al.,
1995; Haas and Joffe, 1994; Jacangelo et al., 2002), providing a suitable
option to consider the disinfectant loss during bacterial inactivation.
However, analytical solutions may be not available for all disinfectant
decay kinetics (Haas and Joffe, 1994; Jacangelo et al., 2002; Santoro et
al., 2007) and further assumptions are required to obtain a closed
form of the inactivation models, such as (1) negligible instantaneous
disinfectant demand and (2) negligiblemicrobial inactivation during in-
stantaneous disinfectant demand (Santoro et al., 2007). Under these as-
sumptions, inactivation models accounting for zero-order disinfectant
decay have been adopted in the past (Anotai, 1996; Santoro et al., 2007).

Moreover, considering both the disinfectant decay and inactivation
models, such as the Rational and the HPL, result in expressions that
are complex with as many as four parameters that can lead to



Table 4
Main statistics and regression estimates of the dose-response model for E. coli.

Parameter k′ n h

Estimates 1.851 0.328 6.335
Min 95% confidence interval 1.404 0.246 5.885
Max 95% confidence interval 2.297 0.412 6.785
Standard error (SE) 0.215 0.040 0.218
t (df) 8.576 8.215 29.101
p level b0.05 b0.05 b0.05
R2 (Adj-R2) 0.990 (0.989)
n 26
overparametrization, resulting in highly correlated parameter estimates
(Bates and Watts, 1988; Gyürék and Finch, 1998).

Most of these models have been developed and studied for chlorine
or ozone; therefore, some assumptions are not suitable for PAA disinfec-
tion. For instance, PAA decay generally follows the first-order kinetic
rate law as described previously and as found in previous works
(Antonelli et al., 2006; Falsanisi et al., 2006; Luukkonen and Pehkonen,
2016; Rossi et al., 2007) and for effluents with high organic or TSS con-
tent the instantaneous disinfectant demand cannot be neglected.

The S-model for PAA disinfection kinetics proposed by Profaizer
(1998), on the other hand, takes into account the decay, however it con-
siders the applied PAA concentration and contact time as independent
variables.

Considering that an essential feature of kinetic modeling is simplifi-
cation and idealization of complex phenomena, a log-inactivation
model to describe experimental data on E. coli inactivation as a function
of the PAA dose has been defined in the present work, whose formula-
tion is reported in Eq. (9).

log
N
N0

� �
¼ −k

0 � DPAA
n � 1

1þ eh−DPAA

� �
ð9Þ

where DPAA (mg/L min) is the PAA dose at which bacteria are exposed
determined by Eq. (2), and k′, n and h are the empirical model parame-
ters. In detail, the model has been built assuming that the log-inactiva-
tion could be described in two parts. The first one can be regarded as a
special case of the GIR, wherem, x=1 and in which (i) the disinfectant
concentration and contact time have the same weight at defining the
log-inactivation and (ii) the product of the C and t can be approximated
to DPAA, as the effective exposure dose. However, this expression alone
is not yet satisfactory to fit the inactivation data. Therefore, the second
part that corresponds to a sigmoid function, contributes to the defini-
tion of the typical disinfection S-shaped dose-response curve, in a sim-
ilar fashion as the inactivation model proposed by Profaizer (1998), in
which the parameter h determines the initial lag phase of the inactiva-
tion curve at low doses (shoulder trend). It is noteworthy that when
DPAA b h in Eq. (9), the denominator takes values higher than 1 resulting
in the shoulder trend. This effect becomes negligible at high DPAA values
(DPAA N h), as shown in Fig. 5.

The parameters of the proposed model for log-inactivation of E. coli
due to PAA disinfection were estimated by a non-linear regression of
the experimental data. Table 4 summarizes the main statistics and the
regression estimates, while the modeled data are reported in Fig. 4.
Fig. 5. Graphical study of the behavior of the proposedmodel for log-inactivation of E. coli
due to PAA disinfection as a function of parameter h.
3.2.2. Independence of E. coli inactivation from operating conditions at a
fixed DPAA

Similar inactivation levels were obtained for all the combinations
tested for 20 mg/L min with log-inactivation values of −4.92 ± 0.26
(mean ± standard deviation), as shown in Fig. 6. An ANOVA for 20
mg/L min did not show significant differences namong log-inactivation
values observed for different combinations of initial PAA concentration
and contact time for a defined dose (p-value of 0.334). Conversely, at 5
mg/L min an ANOVA showed significant differences among the inacti-
vation values (p-values 0.002). Indeed, a graphical inspection of Fig. 6
evidences a much higher inactivation for combination #5 ([PAA]0 =
0.09mg/L, t=60min). The statistical analysis of the dataset for 5 mg/
L min excluding combination #5 evidenced that there are nodifferences
among log-inactivation values (p-value 0.067). Consequently, only
combination #5 for the lowest PAA dose led to different levels of inacti-
vation than its peers, displaying higher log-inactivation (−1.53 ± 0.46)
with respect to the average value obtained for other combinations
(−0.59 ± 0.12). Therefore, the level of E. coli inactivation obtained for
a defined PAA dose was independent from operating conditions PAA0

and t, up to 45min for 5 mg/L min and 60min and 20mg/L min.
3.2.3. Effect of TSS on PAA disinfection
The effect of TSS on PAA disinfection was assessed on free-swim-

ming E. coli and it was assumed that no PAB was present since the cell
suspension of the E. coli culturewas spiked in the test solution at the be-
ginning of the trial. Indeed, PAB would require prior incubation time to
develop within the pores of the particle (LeChevallier et al., 1984), in
order to produce extracellular polymers to attach themselves on the
surface of the particle. Moreover, PAB growth is limited by the average
size of the particles present in the solution and they are expected to
be protected by TSS larger than 10 μm: this is the conventional size
threshold dividing free-swimming bacteria from PAB (Emerick et al.,
2000; Falsanisi et al., 2008).
Fig. 6. E. coli log-inactivation (mean± standard deviation) in saline solution, 40 and 160
mg/L of TSS for different combinations of PAA0 and contact time at defined PAA doses.



Disinfection tests in saline solution quantified the log-inactivation at
defined PAA doses without any other factor affecting the process, as de-
scribed previously. Therefore, in case that PAA dose is the main factor
determining log-inactivation of free-swimming bacteria, similar values
are expected in both saline solution and in the presence of TSS.

As shown in Fig. 6, lower log-inactivation values were observed in
the presence of both concentrations of TSS tested (40 and 160 mg/L)
compared to the values in saline solution at same PAA doses. The pro-
tection afforded by TSS to E. coli showed to be dependent on PAA
dose. At 5 mg/L min the presence of 40 and 160mg/L of TSS afforded a
protection of approximately 0.33 and 0.48 logs respectively, whereas
at 20mg/L min the same concentrations of TSS increased the protection
to 1.37 and 1.67 logs, respectively. A t-test between log-inactivation
values at two TSS concentrations confirmed significant statistical differ-
ences at each PAA dose (p-values equal to 0.027 and 0.033 at 5 and 20
mg/L min, respectively).

Consequently, the presence of TSS in solution affects the disinfection
efficiency of free-swimming bacteria, beyond its effect on PAA decay
that was accounted for in the calculation of PAA dose according to Eq.
(2). This can be attributed to a protection mechanism afforded to
bacteria.

The mechanism of protection afforded by TSS to bacteria (free-
swimming and PAB) is not thoroughly understood and many efforts
have been addressed to elucidate it. It has been hypothesized that TSS
effect on disinfection was due to PAA decay, leading bacteria to be ex-
posed to lower doses of disinfectant (Chhetri et al., 2016, 2014). Exper-
iments performed at same levels of PAA dose allow excluding this
mechanism and proved the occurrence of interaction phenomena be-
tween bacteria and solids. According to a previous work (LeChevallier
et al., 1984), 20% of the dispersed E. coli can attach to a porous material
in 20min and find protection fromdisinfectant action. In this case, since
the size of TSS is comparable to bacteria size, this hypothesis is ruled out.
Therefore, it can be hypothesized that TSS act as a condensation nucleus
and that they are able to favor aggregation of bacteria, as already ob-
served for disinfection with PAA and other disinfectants (Bohrerova
and Linden, 2006; Mir et al., 1997; Turolla et al., 2017).
4. Conclusions

The effect of TSS on PAA decay was studied. Increasing TSS concen-
trations lead to higher PAA decay rates, trend that becomes more pro-
nounced at TSS concentrations above 40 mg/L and a non-linear
regressionwas performed to interpolate amodel to describe this behav-
ior. As for the contribution of the associated soluble matter to PAA
decay, it displayed a linear relationship with soluble COD and its effect
was found to be additive to the one of the TSS, yet much less relevant
particularly at high TSS concentrations. This outcome suggests that
when implementing PAA for the disinfection of effluents with high
solid load, such as primary effluents and sewer overflows, TSS concen-
tration allows determining the PAA consumption.

Regarding the adoption of DPAA as the main parameter determining
disinfection efficiency, it proved to be invariant from the combination of
initial concentration of PAA and contact timeup to 45min for the lowest
dose tested (5 mg/L min) and up to 60 min for higher doses (20 mg/L
min).

As for the role of the TSS during E. coli inactivation by PAA, a detri-
mental effect was observed given that the presence of TSS lead to
lower bacterial abatements respect to ones observed in saline solution.
This effect was dependent on both TSS concentration and PAA dose. In
detail, a more pronounced protective effect by TSS was observed at
higher PAA doses, which suggests that the protection afforded might
be proportional to the PAA dose applied.

Further studies are required to elucidate the protection mechanism
afforded by TSS to bacteria against the disinfection and their role as po-
tential condensation nucleus promoting bacterial aggregation.
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