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Chemical disinfection with H,O, — The proposal of a reaction kinetic model
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HIGHLIGHTS

» Escherichia coli inactivation using H,0, is modeled as a chemical-like kinetics.

» Bacteria death is assumed to be the result of cellular wall break down by OH" attack.
» The first three steps are modeled as pseudo-homogeneous superficial reactions.

» The next steps are homogeneous oxidations of the lysate chemical components.

» Simulations using an intrinsic kinetic model are fully validated with experiments.
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The inactivation (death) of Escherichia coli bacteria in water employing hydrogen peroxide has been stud-
ied and a five log decrease in CFU cm—> was achieved. The reaction kinetics was modeled as a series of
biochemical steps represented by pseudo-homogeneous reactions between hydroxyl radicals and the
components of the cellular walls. Afterwards, the lysate was supposed to undergo a group of parallel
reactions leading to the oxidation of the chemical components of the cell. It was assumed that the initi-
ation step of hydrogen peroxide dissociation is promoted by the presence of iron or iron-superoxide com-
pounds. In addition the model takes into account that the reaction forming the lysate as well as the ones
that follow the destruction of the bacterium wall, compete for the available oxidizing radicals with the
steps that involve the attack on active and injured bacteria. A four parameter representation shows good
agreement for the whole range of employed hydrogen peroxide concentrations. The results are valid for
any form and size of the employed reactor as long as the described operating conditions (pH and concen-
trations) are maintained. This development constitutes a very general model that is capable to describe
inactivation processes whose graphical representation also shows the presence of shoulders at the begin-

ning and tailings in the end of the operation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The antimicrobial and/or antiseptic properties of hydrogen per-
oxide have been known for many years due to its efficacy and rea-
sonable manipulation safety [1,2]. This compound is effective
against a wide spectrum of bacteria, yeasts, molds, viruses and
spore forming organism [1,3].

Disinfectant agents affect the microorganisms viability and sur-
vival by attacking their different structures. Depending on the dis-
infectant agent capacity to break through the cell wall, the
disinfectant can cause sequential damage in the different organ-
elles of the cell, DNA molecules, etc. [4]. The toxic effects of H,0,
on Escherichia coli have been extensively studied [5-8]. The cyto-
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toxic effect exerted by hydrogen peroxide on microorganisms de-
pends on the cell characteristics, its physiological state, extension
of time of exposure, environmental conditions and employed
H,0, concentration [9,10].

The chemical mechanism that promotes the hydrogen peroxide
decomposition to produce the highly oxidative OH and O; radicals
is well known. However, its effect on different microorganism has
been usually inferred but not firmly established.

The damaging strokes to the bacteria cellular components have
been attributed to a particular phenomenon called oxidative stress
resulting from the action of those reactive oxygen species known
as ROS [1,11]. Sies [12] defined the oxidative stress, as a disruption
of the prooxidant-antioxidant balance in favor of the former, lead-
ing to potential injury. Hydroxyl radicals may impact on different
components of the cell producing the above mentioned oxidative
stress; i.e., ROS can affect the cell in different levels and there is
no doubt that, particularly the OH' radical, can produce a severe
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Nomenclature

B bacteria

k kinetic constant, units depend on the specific reaction
step of the model

CFU colony forming units

E generic representation of all the elements that consti-
tute the mathematical representation of the process

I generic representation of all the Ac + In elements that
constitute the mathematical representation of the pro-
cess

R volumetric reaction rate (CFU cm—3s71)

t time (s)

HS hypothetical species of the components of the cell wall

SSA specific superficial area per unit mass of the cell
(cm? cm™3)

LY products of bacteria lysis

Y oxidation yield of reactions involving OH- radicals
(CFU mol™1)

Greek letters

Va kinetic parameter (cm® mol~! s71)

YIN kinetic parameter (cm® mol!s™1)

Yo kinetic parameter (mol CFU~1)

M1 kinetic parameter (mol CFU™!)

V2 kinetic parameter (mol CFU™1)

o constant related to dead and lysed bacteria

Subscripts

AC relative to active bacteria

IN relative to injured bacteria

DE relative to death bacteria

W relative to cell wall

Py relative products of bacteria lysis

Superscripts

0 indicate initial condition

Special symbols

0 concentration of chemical of species (mol cm~3), or con-
centration of colonial forming units in the bulk
(CFU cm3)

cellular damage that leads to an irremediable outcome; i.e., its
death.

Moreover, the extreme reactivity of these radicals provides
them the means to become major participants in the toxic pro-
cesses mediated by free radicals [13], a conclusion that has been
demonstrated by numerous studies [14-19]. In the spontaneous
mutagenesis and oxidative damage to DNA in Salmonella typhimu-
rium, Storz et al. [20] found that OH' can produce a break in the
double chain and/or some chemical modifications in the nitrogen
bases. In a study of the membrane system, Anzai et al. [21] found
that hydroxyl radicals increased lipid peroxidation. The toxicity
of OH' radicals generated in vivo has also been well documented
by Nunoshiba et al. [11]. Rincon et al. [22] studied the photocata-
lytic process with TiO, for disinfection of drinking water and pos-
tulated that the interaction of hydroxyl radicals with bacteria led
to its inactivation.

One of the most logical hypotheses is to consider that a
Fenton-like or Haber-Weis-like reactions [11,13,23,24] at low iron
concentrations [25,26] could be the main cause of formation of the
hydroxyl radical, and that this radical will be the most important
product of these reactions. Even if Fenton and Fenton-like reactions
are usually conducted at acidic pH, it has been shown that they can
also be effective working at circumneutral pHs [27-31]. Moreover,
problems usually encountered en large scale applications will
never be an important issue in biological systems. However, with
respect to the participation of type of reactions, their inclusion
does not mean that one will ignore that microorganisms have
defensive systems to inhibit the destruction of its internal oxida-
tion-reduction balancing [32] and some competition will always
be present. These considerations are one of the principal grounds
for the model presented in this report.

For disinfection purposes, the non-persistent characteristic of
hydrogen peroxide becomes a disadvantage to maintain the water
quality in the distribution system. However, its use is widely
spread because it is relatively inexpensive, easily removed when
desired and unlikely to be hazardous to health if used properly
[33]. In addition, it does not give rise to disinfection byproducts,
as it is the case of other strong oxidants. But even more impor-
tantly, the consequence of the hydrogen peroxide action leads to
a complete and irreversible destruction of the bacteria

components, hindering the possibility of bacteria recovery or
resuscitation.

Several kinetic models to represent the disinfection process
have been published. Some of them are empirical equations such
as for example those proposed Chick [34], Watson [35], Hom
[36], Cerft [37], Buchnann et al. [38], Membre et al. [39] while oth-
ers, very well represented by the work of Severin et al. [40] with
their series and multi target events have a more mechanistic ap-
proach. Just recently a much direct interpretation of the involved
oxidation process has been published by Marugan et al. [41].

In this work we have made an attempt to develop a general
model to describe the chemical disinfection reaction based on a
simplified generic interpretation of a very difficult and intricate
mechanism. Thus, the membrane disruption, the subsequent lysis
of the components of the bacteria and the oxidation of the result-
ing lysate, were modeled as series of episodes followed by a se-
quence of parallel events, in which the level of damage will
increase until the bacteria not only dies or is severely affected in
its vital functions but also, given enough time, the chemical com-
ponents of the cell will be fully oxidized. Hence, this model should
be useful to characterize quite accurately simple as well as com-
plex survival curves of inactivation. In fact, in the present context
it appears capable of accommodating initial resistances or retards,
as manifested by the shoulder which appears in many survival
curves as well as the observed tailings at the end of other methods.
This detailed description of the possible pathway through different
steps, enhances a virtual visualization of the full process and sim-
plifies further actions concerning reactor design, scale-up or opti-
mization procedures.

2. Experimental
2.1. The reacting system

In all experimental runs we employed a well-stirred, cylindrical
batch reactor, having a total reaction volume of 2000 cm?>. Stirring
was achieved with an external orbital shaking device. A cooling
jacket connected to a thermostatic bath (Haake) surrounds the
reactor to keep the reacting system at a constant temperature of



390 M,J. Flores et al./Chemical Engineering Journal 198-199 (2012) 388-396

20 °C. The top of the reactor has provisions for sampling, pH and
temperature measurements (see Fig. 1).

2.2. Chemicals

The following chemical were used: hydrogen peroxide (Merck,
pro-analysis 30%), Catalase (from Aspergillus niger, Biochemika),
Ammonium molybdate (Cicarelli, pro-analysis), Potassium iodide
(Cicarelli, pro-analysis), Potassium acid phthalate (Cicarelli, 95%
pro-analysis), Physiological saline solution (Roux-Ocefa), Nutrient
broth (Biokar Diagnostics), Sodium hydroxide (Cicarelli, pro-analy-
sis) and Peptone water (Biokar Diagnostic).

2.3. Experimental procedure

Throughout this work E. coli strain ATCC 8739 was used. The
purity of the strain was verified by conventional methods
[42,43]. The culture was grown in a complex medium (Nutrient
broth) that had beef extract as the main component. Therefore,
the broth composition was: tryptone: 10gL~!, beef extract
5gL~'and NaCl: 5gL 1.

The working solution was prepared from a culture that had
reached the stationary phase of growing and, afterwards, was
brought to a 1/1000 dilution with physiological saline. This
dilution helped to ensure that there was no bacteria growth during
the disinfection run due to the fact that the growing culture
concentration was sufficiently diluted [44,45]. An atomic spectros-
copy analysis (Perkin-Elmer-5000 AAnalyst) detected traces of iron
and copper ions in the growing culture (Cu=7.7 pgg~' and
Fe=43 pgg™).

The prepared culture was mixed with the desired amount of
hydrogen peroxide and distilled water. The hydrogen peroxide
concentrations varied between 15 and 300 ppm. They were mea-
sured with colorimetric techniques at 350 nm, according to Allen
et al. [46] with a Perkin-Elmer-330 spectrophotometer. All initial
concentrations (at t=0) were in the order of 10° CFU cm~3 and
afterwards, samples were withdrawn at different time intervals
for several determinations. The exact value of the bacteria’s initial
concentration was measured for each experiment. Runs were
duplicated and samples subjected to triplicate determinations.
The initial pH was 7 and remained practically constant during all
the runs. In addition, experiments were carried out without

Temperature

Meausurement Input

—

Sampling

Thermostatic
bath

Fig. 1. Schematic representation of the experimental reactor setup.

hydrogen peroxide to make sure that the starting solution was free
from other inactivating agents.

Each sample was examined with the following measurements:
absorbance at 350 nm (spectrophotometric analysis) for hydrogen
peroxide and CFU counting using specific Petrifilm™ plates (3 M
Microbiology Products) for E. coli and coliform bacteria. This meth-
od has been recognized by the American Public Health Association
in Standard Methods for the examination of Dairy Products [43]
and the Association of Official Analytical Chemists International
in Official Methods of Analysis (AOAC) [47] as equivalent to the
conventional plate method for this type of microorganism. Dilu-
tions of the samples to obtain the optimum concentrations for
the CFU counting method were made with a sterile peptone water
solution. To quench the hydrogen peroxide action during the time
interval between sampling and spread plating, a known fraction of
the sample was mixed with the required amount of catalase solu-
tion. Control experiments were conducted to ensure that the em-
ployed concentrations of catalase solutions did not affect bacteria
concentrations. After spreading the plates with the appropriate
volume of sample they were incubated for 24 h at 37 °C.

3. Kinetic model proposal

The key point is to search for one acceptable assumption con-
cerning the possible place where the action of ROS can take place.
According to Dalrymple et al. [2] in the case of bacteria there are
three sites of the cell that could be the targets for ROS invasion:
(1) The peptidoglycan layer, (2) the lipopolysaccharide layer
(found only in Gram-negative bacteria) and (3) the phospholipid
bilayer. In this study E. coli was the chosen bacteria to work with
and consequently the three layers will be present. Chemical-reac-
tive agents like hydrogen peroxide may display some target spec-
ificity like membrane thiol groups and ribosomes but, frequently,
hydroxyl radicals have sufficient reactivity to interact with differ-
ent cellular components obscuring the direct primary damage. It
is very likely that, this could be the way to break down the cell
membrane. Once this action occurs, ROS could still act on intracel-
lular vulnerable sites such as enzymes, coenzymes and nucleic
acids. The enzymatic system appears to be one of the most impor-
tant and irreplaceable reconstructive agent for bacteria reactiva-
tion in UVC disinfection. Consequently, if the disruption of the
cellular wall is not enough, this effect of hydrogen peroxide on
intracellular components could explain why oxidative disinfection
is always an irreversible process.

With regard to the most plausible mechanisms for producing
damage on components of the cell several detailed studies have
been reported, many of them still under discussion. Nevertheless,
it is recognized that the process constitute a large sequence of a
complex network of interconnected steps before reaching what
might be called the “final product” (inactivation). The fundamental
question is to know if only one simple reaction path is sufficient or
if it is necessary to resort to more than one to complete the pur-
sued objective and, in this case, whether or not it is indispensable
to model all the steps involved in the oxidation of the lysis prod-
ucts to adequately represent the disinfection operation leading to
cell death.

In view of these difficulties, and searching for some form of
plausible, simplified and at the same time, conceptually undis-
torted representation of all these processes, one could try to adopt
a model that takes into account the previously mentioned actions
on the biological metabolism, without assigning a detailed compo-
sition to each of the representative family of cell components. Once
this model is mathematically stated, it will be necessary to find out
the minimum set of kinetic parameters that are required to depict,
within an acceptable error, the series or series—parallel events that
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lead to the dead of the bacteria. In this sense, the membrane dis-
ruption, the subsequent lysis of the components of the bacteria
and the oxidation of the resulting lysate, can be modeled as series
of episodes followed by a sequence of parallel events, in which the
level of damage will increase until the bacteria is severely affected
in its vital functions [1,41,48] without pursuing further oxidation
reactions if they are not necessary.

The kinetic model put forward here for E. coli disinfection is a
conceptual modification of the one described by Marugan et al.
[41] where a reaction pathway is proposed for the undamaged,
damaged and inactivated populations of bacteria and particularly,
for the structural mechanism of the bacteria decease. Instead of
considering the attachment of titanium dioxide particles on the
bacterium wall that afterwards is followed by the classical oxida-
tive mechanism of the photocatalytic system, in this work we be-
gin by considering the full sequence of hydroxyl radicals
formation and then, explicitly takes into account that there is
one attack on the cell membrane components according to Dal-
rymple et al. [2] that could involve one or more steps until the cell
anatomy is disrupted causing the bacteria’s death; i.e. it is neither
active, nor culturable [49]. At this point a lysate is achieved. After-
wards, the most important families of cells components are in-
volved in a net of parallel-series oxidative reactions that can
compete with the active and injured cells for the hydroxyl radicals
and thus affecting the disinfection rate.

In modeling the intrinsic reaction kinetics of disinfection with
hydrogen peroxide one of the major difficulties is to include the
iron or iron-superoxide participation in the mechanism to produc-
ing hydroxyl radicals [11,13]; i.e. the Fenton-like or Haber-Weis-
like reactions:

Fe** + H,0, — Fe*" +-OH + OH~
Fe** + H,0, — Fe?" +-0,H + H*

or

Fe** + 05 — Fe*" +0,
Fe** + H,0, — Fe** + OH™ + OH

There are two reasons for this complication: (1) The real mech-
anistic interaction of iron compounds inside the cell to explain the
effects produced by the oxidative radicals is not fully understood
yet and (2) the concentrations of the ferric and the superoxide ions
are not precisely known.

One artificial way to deal with this problem is to assume that
the reaction is effectively mediated by iron or the couple ferric-
superoxide ions, that they are at constant concentrations and that
this process can be included as part of a hypothetical kinetic step.
The respective pseudo specific constant of this stage represents the
mechanism to generate the hydroxyl radicals.

3.1. A proposal of a tentative reaction representation of the bacteria
death

The reactions that lead the hydroxyl radical generation are
known to the point that, if desired, all the values of the specific ki-
netic constants of each step have been well established. Assuming

HScwl, | x SSAJ5,.

Superficial concentration of of hypotetical species of one bacterium  Superficial area per unit volume of bacterium

an initiation step promoted by iron (III) or iron (Ill)-superoxide to
split the hydrogen peroxide, the following sequence can be
proposed:

3.1.1. Initiation

ky

H,0, OH™ + OH' (1)

Fe?*+H,0, or Fe**+0; promotion

Note that, when the reaction is written as above, without
including specifically the Fe** or the Fe*" +0; promotion, k; is
not known.

3.1.2. Propagation

ky

H,0;, + OH' 2% HO;, + H,0 2)
H,0, + HO, 2% O + H,0 + 0, 3)

3.1.3. Termination

20H 4, H,0, (4)
2HO, 2. H,0, + 0, (5)
OH' + HO, % H,0 + 0, (6)

All these steps have been studied in details for several years
now and are fully accepted in the scientific literature Buxton
et al. [50], Laat and Gallard [51], Zalazar et al. [52] just to mention
a few examples.

3.1.4. Membrane disruption

The process that ends up with the membrane breakdown may
be treated by resorting to a pseudo-homogeneous interpretation
of the intricate network of superficial reactions that leads to the
rupture of the protective envelope. Let HScwlg, represent a hypo-
thetical species of the components of the cell wall of the active bac-
teria whose concentration can be expressed in units of mol cm—2
and that reacts with the OH' radical. This composition is the same
for every bacterium of a given family of bacteria. Then,

k'
HSCW'BAC + OH" SNUN HSCWlBIN

At this point, it is possible to think of SSAJ;,  as the specific
superficial area per unit volume of one cell (in units of cm? cm3),
VJg,. as the volume of one cell per CFU (in units of cm? CFU™1) and
[Bac] as the whole instantaneous concentration of the active bacte-
ria (in units of CFU cm~> of reacting medium). The concentration of
hypothetical species per unit volume of the fluid may be calculated
from the above mentioned superficial concentration of this species
as:

Vg, X &AC,](—Q

volume of one CFU  Instantaneous concentration of active bateria per unit volume

Instantaneous representation of the total volumetric concentration of hypotetical species of the active bacteria
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Taking into account averaging values for specific family of bac-
teria, [HSCW|BAC] in the cell wall, SSAJ;, . and V|, - may be assumed
almost constant. Then,

[HSCW\BAC] X SSA\BAC X Vi,
= constant k7
~—~
Pseudo-homogeneous volumetric kinetic constant
= k; x[HScwlg, ] x SSA5. x V|
7 CWip, B B
AC AC AC

Superficial kinetic constant

However, it is very unlikely that just one hydroxyl radical will
produce a serious damage to the cell wall. Neither the number of
moles of OH. which are necessary to consider that the bacterium
has been injured, nor the number of bacterium that form a CFU
are known. It is always possible to conceive an oxidation yield as
the ratio of injured CFU with respect to the spent hydroxyl radicals
to produce this event:

ks Injured CFU CFU 4, Ccm3
= Y =—— - =l—=; K==
Y, OH'spent this event' 'mol CFU;

K7

In order to have the proper application of this yield as well as
achieving unit’s homogeneity it must be considered that:

Ry, = —k7[Bac][OH’]
Ryon = —k [Bac][OH']

With this pseudo homogeneous, biological reaction approach,
step 7 can be finally expressed as:

Bac + OH X2 Byy (7)

In a similar way, the same procedure can be applied to the in-
jured bacteria in the reaction with the OH' radicals according to:

Js = x[HScwlg,, ] x SSAJg,, x Vg,

K
8

S N

Pseudo-homogeneous volumetric kineticconstant  Superficial kinetic constant

# _kg. — Dead CFU _JCFU. [#1_1cm?
kS Yy Y8 ~ OH'spentin this event [7] mol’ kS [7] CFUs

RS:BIN = 7’(3 [B[N][OH]
Rson =—k§ [Bin][OH']

Bin + OH' 2% By 8)

This step leads to the rupture of the cellular wall and the death
of the bacterium.

3.1.5. Lysis of dead bacteria

The death of the bacterium implies that the cellular wall has
been broken permitting the access of the oxidant to the intracellu-
lar components, rendering the lysate:

Boe + OH' X2 LYSATE 9)
where:
ko = ky
~~
Pseudo-homogeneous volumetric kinetic constant  Superficial kinetic constant
i ko Lysed CFU = CFU K] cm?
9 T Ys' " °” OH'spentin this event' 'mol’ 2" 'CFU

Rg‘BLY = —kg [BDE] [OH}
Roon = —k [Bpg][OH']

Once the anatomic morphology of the cell has been altered pro-
ducing the lysate, the OH' can interact with its internal compo-
nents in typical homogeneous reactions. From the chemical point

of view the activity of the OH" radicals can be interpreted in terms
of several parallel-series reactions with an undefined number of
hypothetical components of the resulting lysis. In the model they
are represented by LYp1,LYp>,...LYps_1,LYp,, that correspond to
important groups of compounds which, after ulterior oxidations
will produce the end products of the disinfection process:

LYrs 2 LYp1 1 2 LYt 2 Epy
LYp, o LYp21 o LYp2n-1 Ol Epan
(10)

-+OH" -+OH- +OH"
LYP.n—l - LYP‘n—].,l g "‘LYP.n—l.n—l - EP.n—l.n

+OH"

+OH +OH"
LYP,n — LYP,n,l - "'LYP.n,n—l - EP,n,n

3.2. Mathematical representation of the model

Operational parameters of the process might be obtained from
the solution of a kinetic model, derived from the proposed se-
quence of processes that leads to the cell destruction. The calcula-
tion of the reaction rates for each step is carried out in every
position of the reactor. However one should note that for a well
mixed reactor in the absence of external effects (for example, irra-
diation or ultrasonic enhancements) compositions are uniform and
correspond to the local values. The reaction’s kinetics was formu-
lated in terms of the mass action law for all the proposed steps
to generate bacterial destruction by hydrogen peroxide. We can as-
sume that:

(i). The system is isothermal with perfectly mixed compositions.
(ii). The micro steady state approximation is valid.
(iii). The first set of lysate products oxidation is enough to repre-
sent the disinfection process (to be confirmed with the
results).

If our third assumption is valid, considering only the first oxida-
tion reaction of lysate byproducts should be sufficient to represent
the disinfection reaction even if it does not reach the total oxida-
tion of the cell’s chemical components.

From the reaction scheme we can derive the following
expressions:

Ron = k] [HzOz] — kz [HzOz][OH] + k3 [HzOzMHOZ] — k4 [OH]Z
— ke[OH'][HO3] — kJ [Bac] [OH'] — ki [Bi][OH']

- kgé [Bpe|[OH'| — ik]oj [LYp;][OH] (11)

i=1

x[HScwlp,, ] x SSAlg,, x Vlp

RH0-2 = kz [HzOz][OH] — k3 [HzOz][HOZ] — k5 [HOZ]Z — ks [OH}
x [HOy] (12)
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The reaction rate expression for the Active and Injured bacteria
are:

Ry, = —ks[Bac][OH] (13)
Rg,, = k7[Bac][OH’] — ks[Biy][OH'] (14)

Applying the Micro Steady State Assumption (MSSA), from steps
(1) to (6) the hydroxyl radical concentration (OH") can be readily
calculated.

Additionally, on the basis of previous confirmed evidences it is
assumed that the rates of termination steps (4) and (6) are negligi-
ble as compared with (5) that is the predominant chain termina-
tion step and that stage (2) is the predominant propagation step
[53-55]; then the hydroxyl radical concentration is:

k1[H,0,]

ky [HzOz} + k# [BAc] + k? [BIN] + kg [BDE] + ZI{]O_,‘[LYP_{]

i=1

[OH] = (15)

The value of 37 ki0[LYp;] may be considered proportional to
the concentration of dead bacteria. This simplification is possible
because it involves the same level of arbitrariness that all the terms
included in the summation symbol.

> “k10i[LYp] = otkio[Boe] (16)
i=1

ki[H>0,]
k2 [Hzoﬂ + k#[BAc] + I(?[B[N] + (kj + OCkl())[BDE]

Replacing Eq. (17) in into Eq. (13) and rearranging the result the
final expression for the disappearance rate of Active bacteria is:
a[Bac][H20;]

R = — 18
e [H202] + y[Bac] + 71 [B] + 72 [Boe] (18)

[OH] = (17)

(kKK (ko)
Va = kz ’ Oikz7 17](27 27 kz

Similarly, replacing Eq. (17) into Eq. (14) and operating on the
result, the final expression for the disappearance rate of injured
bacteria is:

10°~

10" 4

[BAC+BIN]I[BU]

T T T T
0 2000 4000 6000 8000
Time (s)

10000

Fig. 2. Simulation results with the five parameters model (solid lines) compared
with experimental data. The plot portrays the values of culturable cells.

__ [Bac][H205]y,4 — [Bin][H202] 1y
R = [H,05] + 79 Bac] T 72 Bix] + 72/Bod 19

where y,y = (m)

ky

4. Results and discussion

Fig. 2 displays all the experimental data obtained in this work.
Two direct conclusions can be extracted from these results. The
first is that concentrations of hydrogen peroxide below approxi-
mately 300 ppm are impractical regardless the disinfection time.
The second is that in all cases, the required processing extent does
not appear to offer an attractive prospect for large-scale
applications.

Moreover, from these results, it was not considered necessary a
further increase in the concentration of hydrogen peroxide be-
cause, having reached five orders of magnitude in the change of
the CFU population, the evolution of the figure suggests that a
small reduction in the processing time would not have introduced
a major improvement in the above mentioned disadvantageous
circumstance.

A significant portion of the curves exhibits a linear behavior.
However, simple first-order kinetics, as one knows, cannot repre-
sent the shoulder that is shown at the beginning of all experiments.
Later we will see another advantage that has this model showing
some aspects of the process that the first-order approximation
would not be able to unveil.

Experiments were carried out in an isothermal, well mixed,
batch reactor. Then the analysis was made with a very simple mass
balance:

dE

E= BAC7 BIN7 BDEa LYPI (20)
t=0 [BAC} = [BAC]O for BAC
[E] =0 forE= B]N, BDE, LYPI

The simulation results for I = Byc + By (surviving bacteria) were
compared with the data obtained from the cell culture of the sam-
pling employing a non-linear, multiparameter optimization com-
puter program, in order to obtain the values of the Kkinetic
constants Yy for k=A, B, 0, 1 and 2.

10° —
S . )
%\A,_\ % T
10" SR
' A
S 102
z
o
*y 107
<
m,
10 ;
10° T T T T
0 2000 4000 6000 8000 10000

Time (s)

Fig. 3. Simulations results with the four parameters model (solid lines) compared
with experimental data. The plot portrays the values of culturable cells.
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Fig. 4. Results assuming that the step producing the lysate of the dead bacteria is
omitted. For [Bac+Bin]/[Bo] vs. time: solid lines: complete model; broken lines:
72=0.

The obtained values of the kinetics parameters were

P4 = (2.7 4+0.1) x 10~ cm® mol ' s~
I =(9.6+3.1) x 10 cm?® mol ' 5!
%o = (1.5£0.2) x 10" mol CFU "
7, = (4.9+2.2) x 10 mol CFU™'
7, = (1.7+0.2) x 10® mol CFU™"
With these parameters, the agreement with the experimental
data is shown in Fig. 3. The simulation results fit quite well all

the experimental data for the whole range of explored hydrogen
peroxide concentrations.

However, it can be seen that the value of ), is rather small. It is
possible to reduce the parameters of the model if we assume that:

Yo[Bac] < [H202] + 1 [Bin] + 7, [Boe] (21)

Rearranging the resulting equations, the final expressions for
Active and Injured bacteria result:

Ya[Bacl[H20;]

Rs,. = —
B¢ ™ T TH204] + 74 [Bi] + 7, [Bo]

(22)

Ry — 2alBacl[H>02] — i [Bin][H20] 23)
" [H202] + 4 [Biv] + 7 [Boe]
Using this assumption, a new set of four kinetic constants was
obtained:

74 = (2.7 +£0.0) x 10~ cm? mol ' s~
P = (10.0 +2.8) x 10~ cm® mol ' 5!
y, = (5.3 £2.0) x 107® mol CFU™!

7, = (1.740.1) x 10® mol CFU™"

The new plot is shown in Fig. 3.

It can be observed that the four parameters model also renders
a good agreement with the experimental data. In this process ex-
ists a competion for the OH' radicals between two groups: (1)
the dead bacteria and the compounds resulting from the lisate for-
mation and (2) the active and the injured bacteria. The important
question is to know to what extent the subsequent reactions after
the bacteria’s death affect the desinfection rate. These reactions
correspond to the kinetic constants kg and okqo. Both are grouped
in 7,. The importance of this conflict can be seen by making
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Fig. 5. A graphical description of the concentration evolution of the principal
species existing in the reacting medium as seen by the model. The plot follows
changes in concentration of the active, injured and dead bacteria at 45 ppm
concentration of H,0,. Experimental data: solid line: culturable bacteria [BAC
+ BINJ; broken line: active bacteria; broken and dotted line: injured bacteria; dotted
line: dead bacteria.

72 =0 (either because kg = 0 or akio =0 or both are cero). The re-
sults are shown in Fig. 4.

It becomes clear that with this assumption the model predicts a
much faster degradation of the bacteria. The implication is that the
existing competition for the OH radicals should have been wrongly
disregarded if 7o is made equal to zero, permitting to conclude that
at least the step corresponding to the formation of the lysate can-
not be ignored. The isolation of the effect corresponding to either
ko or akio cannot be obtained from this model, but certainly okqq
cannot be different from zero if kg is equal to zero before.

The model also provides good information about the way in
which the inactivation reaction proceeds. With the obtained
parameters it is possible to follow the changes in concentration
of the active, injured and dead bacteria. They are shown in Figs.
5 and 6 for two different concentrations of hydrogen peroxide.

It becomes clear that the life of the injured bacteria is very short
and its concentration never reaches very high values. This effect
can be seen by looking at the values of the obtained parameters.

From these two figures it can also be observed a consistent
behavior. When lower concentrations of hydrogen peroxide are
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Fig. 6. A graphical description of the concentration evolution of the principal
species existing in the reacting medium as seen by the model. The plot follows
changes in concentration of the active, injured and dead bacteria at 185 ppm
concentration of H,0,. Experimental data: solid line: culturable bacteria [Bac + Bin];
broken line: active bacteria; broken and dotted line: injured bacteria; dotted line:
dead bacteria.
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used (45 ppm) the survival of a major number of active and injured
bacteria is seen, indicating that the oxidation is not sufficiently in-
tense to overcome the resistance of the cell wall. Conversely, at
higher concentrations, (185 ppm) the number of survival and
undamaged bacteria gradually decreases and there is a breaking
of the bacteria envelope in a shorter time. Then, very rapidly, it
changes from the state of injured bacteria to one of irreversible
death. For that reason, the concentration of injured bacteria is al-
ways low. This is, at the same time, a confirmation that oxidant
concentration is the most important factor to affect bacterial target
sites [56].

Both figures show in the curves represented by the solid lines,
the small shoulder mentioned in the beginning of this section.

It is also very interesting to note that taking the ratio between k-
and kg (which is equal to 0.28) one gets the relationship between
injured bacteria and fully active bacteria. This is shown more clearly
by setting Eq. (14) equal to zero resulting [Biy]/[Bac] = 0.28. This is
good evidence that the first stage is slower than the second. But this
relationship is not much less than one to allow grouping both stages
is a single one. Consideration of the mechanistic series process, al-
lows unequivocally demonstrating the existence of the initial resis-
tance observed in the shoulders of the figures.

5. Conclusions

A new kinetic model for chemical disinfection with hydrogen
peroxide has been developed. It was validated with experiments
usingE. coli as a surrogate bacterium. Simulation results with a four
parameters mathematical description provide very good agree-
ment with the experimental data for a wide range of hydrogen per-
oxide concentrations.

The proposed mechanism involves a series of three heteroge-
neous steps (analyzed as pseudo-homogeneous reactions) fol-
lowed by a group of parallel-series oxidation reactions in the
homogeneous phase.

The disinfection process is characterized by the following steps:
(1) Production of the hydroxyl radicals which is supposed to be
promoted by a Fenton like or Haber-Weis-like reactions; (2) A first
attack by the hydroxyl radical to damage the cellular wall; (3) A
second attack by the same oxidant, that produces the complete
destruction of the bacterium envelope; (4) The formation of a ly-
sate with all the cell components; (5) Subsequent oxidation of
the chemical species resulting from the lysis of the bacterium.

The reactions leading to the formation of the lysate and the fur-
ther oxidation of the cells components compete with the active
and injured bacteria for the hydroxyl radical, a phenomenon that
with the help of the model can be clearly unveiled.

In accordance with the model, the action that leads to the com-
plete destruction of the bacterium cell wall is faster than the one
that produces the initial damage that transforms the active bacte-
rium into injured bacterium.

The reported model is based on an idealized description of the
chemical disinfection, but does not introduce a conceptually dis-
torted representation of the processes involved in the bacterium
death. Consequently, the obtained kinetic parameters should be
independent of the type and size of the employed laboratory reac-
tor, as long as the reported operating conditions are reproduced;
i.e. isothermal performance, pH and oxidant concentrations. Then,
they should be useful for scale-up or reactor design as well as opti-
mization procedures.

Finally, it should be remarked that this is a very general model
that by the simple expedient of adding one set of parallel reactions
(that were not needed in this work) it is possible to represent typ-
ical tailings of disinfection curves very often shown when a differ-
ent disinfectant is used.
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