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Abstract

A kinetic model for water disinfection employing UV-C radiation£253.7 nm) was developed that is valid for clear waters as well as for a
concentrated and nutritious mediuBicherichia coli was used as a test bacteria. The kinetic model is a modification of the series eventinactivation
mathematical description that takes into account the radiation absorption rate corresponding to the existing, viable bacteria and the radic
attenuation produced by the quasi-transparent or the translucent environment. It also explains two additional observed phenomena: (f) the effe
bacteria growth in the nutritious medium during disinfection and (ii) a further reduction in the inactivation rate that was attributed to some form
bacteria protection produced by a not well understood association of the bacteria with of the components of the concentrated culture. Compe
theoretical predictions from the model with experimental concentration versus time data, the model parameters were obtained. Predictions s
good agreement with collected experimental data within the range of the explored variables.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction with the absorption peak of DNA and it is believed that its effect
on microorganisms is a significant change in the DNA structure,
The use of UV-C radiation (wavelengths between 180/20@roducing a pyridine dimerization that has lethal consequences
and 280 nm) for water disinfection is a well-known and effective[7].
application for an ample group of microorganisms providing a Since the first proposal of a kinetic model for chemical water
reliable and simple technology. It is particularly attractive duedisinfection by ChicK8] several modifications have been intro-
to the absence of undesirable secondary effects usually fourtiiced to improve the applicability of the resulting mathematical
in several classic chemical treatments, such as the generationddscriptions to explain different process features. However, the
disinfection byproducts (DBPs) or a change in the organoleptifirst specific modeling contribution concerning the use of UV
properties of the treated wafdr3]. Within this context several radiation can only be traced back to the work of Sev¢®in
advanced oxidation processes (AOP) employing UV alone or imvith the proposal of two different approaches: the multi hit and
combination with hydrogen peroxide, ozone or semiconductothe series event models. Both derived expressions were able
catalysts have been propogétl The ability of shortwavelength to explain the anomalous behavior at the initial stages of dis-
UV radiation to treat secondary effluents from sewage disposahfection in a concentration versus time representation of the
plants has been summarized by Blatchley and Schiggbnd a  inactivation process. Oliver and Cosgroid®] observed that
revision of its application in the food industry has been recentlyanything in the water that absorbs radiation or shields the bacte-
made[6]. ria from the UV light would be expected to influence the rate of
The UV-C radiation emission spectrum, particularly the onebacteria kill. Emerick et a[11] also observed some sort of resis-
produced by commercially known as germicidal lamps (90%tance to the UV attack for long inactivation times. The existence
plus emission ak =253.7 nm) has an important overlapping of some form of bacteria protection (for example, agglomera-
tion, shielding by existing solid particles or bacteria association
with some components of the medium) was proposed to explain
* Corresponding author. Fax: +54 342 4559185. this phenomenon that manifests as a long tailing in a plot of the
E-mail address: acassano@ceride.gov.ar (A.E. Cassano). bacteria concentration versus the inactivation time and gives rise
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Nomenclature

Cec;  Escherichia coli concentration of species with
state of damage(CFU cni3)

Cm medium concentration (g cnd)

CFU  colony forming units

e? local volumetric rate of photons absorption
(LVRPA) Wcm3 or (einsteincm3s 1)

G incident radiation W cm? or (einstein s cm=2)

k inactivation kinetic constant
(s~ (cmP s einstein?)” or st (cm® W—1)")

kg growth constant (CFUTts™1)

kobs observed constant

kprot ~ protection constant

LR reactor length (cm)

m reaction order with respect t&

n threshold limit of damage

REc; reaction rate corresponding to the bacteria with a
state of damage(CFU cnT3s71)

Rc growth rate (CFUcm3s™1)

R; reaction rate of componentmol cm3s~1)

Rp protecting rate (CFU cms1)

t time (s)

1% volume (cn¥)

X Cartesian coordinate along the reactor length (cm)

X position vector (cm)

Greek letters

age;  E. coli specific Napierian absorption coefficient
(cm? CFU™ D)

am medium specific Napierian absorption coefficient
(cmfgh)

K Napierian absorption coefficient (cth)

A wavelength (nm)

D; quantum yield of componen{mol einstein® or
molecule quantal)

@Pnact  pseudo-quantum vyield for bacteria disinfection
(CFU quanta?l)

Subscripts

Ec relative toE. coli

i relative to the damaging stater to the species
with a damaging level

R relative to reactor

T relative to total

w relative to reactor wall

0 denotes initial value

A relative to wavelength

Special symbols

() means averaged value

[=] means “has units of”

to great difficulties in reaching an acceptable disinfection level
in the treated wat€g10,12-17]

Most of the reactor designs employed in AOP are made
with empirically adjusted models having different parameters
that vary according to the apparatus and the particular efflu-
ent that is treated. Very often the performance of such units is
rated with approximate indicators based on the operating con-
ditions such as, for example, the “electrical energy per order”
[4] that relates the energy consumption with one order of mag-
nitude decrease in pollutant concentration. On the other hand,
other author$18] are inclined to use more deterministic mod-
els derived from reactor engineering fundamentals, describing,
when necessary, the motion of the fluid and its consequences
on the distribution of residence times as well as the spatial dis-
tribution of radiation employing the radiative transfer equation
(RTE) and, finally, incorporating all this information in the mass
balances with the corresponding kinetic models. In these expres-
sions the different features affecting the disinfection rates should
be taken into account (photoprotection, aggregation, association,
etc.) specially if some of these phenomena can be enhanced by
the characteristics of the effluent to be treated that could have
suspended solidgl9,20] or nutritious substances as it is the
case of this work. Of particular interest is the model developed
by Emerick et al[21] that describe the existence of two parallel
processes: (i) the inactivation of dispersed bacteria that follows
a first order rate with respect to the surviving bacteria exposed
to an average value of the incident radiation in the bulk of the
solution and (ii) the inactivation of particle-associated bacteria
that is described in terms of a parameter that accounts for the
fraction (between 1 and 0) of the light that reaches this special
group of microorganisms. This parameter presents a distribution
from 1 for microorganisms with direct exposure to the averaged
light intensity and O for microorganisms located in a completely
shielded region. The model of this second process is made in
terms of a sum over the distribution of the shielding parameter
and a classical first order inactivation rate. The concentration of
particles must be known and it was shown that for each type or
microorganism a minimum critical size of the particle is required
to produce the shielding effeft7,20]

Labas et al[22] developed a kinetic model for UV disin-
fection under almost clear water conditions contaminated with
Escherichia coli based on a modification of Severin’s series
event description. This type of environment corresponds to
the “disperse bacteria” group in Emerick et @1] modeling
approach. The collected experimental information was in full
agreement with the mathematical model. The present work is
an extension of the previous one attempting to represent addi-
tional phenomena observed when the process was not performed
in almost transparent waters as well as in absence of nutritious
substances. With the relevant exception of water treatment for
domestic use or equivalent applications, the situation described
in this work is closer to many applications concerning industrial
effluents. Consequently, in this work, besides the requirement of
a precise description of the spatial distribution of the radiation
field originated in a much higher medium optical thickness, two
additional phenomena could be present and must be accounted
for: (i) the possibility of bacteria growth and (ii) the possibil-
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ity of bacteria protection resulting from some sort of defensiveTable 1 o _
effect produced by the concentrated medium. In what follows &reactor characteristics (experimental apparatus)
model is presented to mathematically describe this performangeactor (quartz windows)

that could be encountered in some treatment plants having efflu-Length 4.9cm
ents containing nutritious substances. It is proposed that this Diameter 4.4cm
Volume 74.5cm

extension should be also able to represent the case of almost
transparent waters. Summarizing this introduction, the mairgtorage tank (Pyrex)

objective of this contribution is to obtain a kinetic model that V'U™me 1000 crf
could be used for scaling up purposes in some disinfection prd-amps (output power (253.7 nm))
cesses and is described in terms of plausible assumptions and;ﬁ_rlf”‘e“;'j‘\'/\‘l'go 312\‘;\/"
easily observable variables. HIps '
Reflectors
. Parabolic Aluminum with Alzac treatment
2. The reacting system Pump
Masterflex flowrate 35chAs!

In order to write the appropriate and certainly very spe
cial kind of “mass” balance the experimental reactor must be
described. It is shown iffig. 1 and the most salient data are power of 15W each and (ii) two Heraeus NNI40 UV-C lamps
presented inTable 1 The reactor is a Pyrex tube of circular operated with a nominal input power of 40W each. They are
cross-section having two parallel, flat windows made of Suprasilow-pressure mercury vapor lamps (Germicidal type) with one
quartz. Each window is irradiated by an emission system madsingle, significant emission wavelength at 253.7 nm. Each reac-
of atubular low-pressure mercury lamp (germicidal type) placedor window permitted the interposing of: (1) one shutter to block
at the focal axis of a parabolic reflector. With the proper dimenthe passage of light when desired (for example, to allow for the
sions and geometric layout this system produces a very goddmp to reach its steady state operation) and (2) neutral density
approximation to a one dimensional radiation fig28] facil- filters to vary the irradiation rate from the lamps and reflectors
itating the description of the radiation distribution inside thepermitting, with this device, two additional irradiation rates (four
reactor. No radiation can reach the reactor from the cylindriin total).
cal wall; moreover, Pyrex glass is almost opaque to germicidal The reactor was placed inside a recirculating system that
lamps ¢ =253.7 nm). Two different types of radiation sourcesincludes a pump (Masterflex 7553-76) and a well-stirred stor-
were used: (i) two Philips TUV lamps having a nominal input age tank with provisions for sampling and temperature control.
Good mixing in the reactor was achieved, by means of an intense
recirculation of the liquid. It can be showW24] that under some
well defined operating conditions, this experimental device oper-
ates as a special type of well-mixed batch reactor having only
a fraction of its total volumeWr/Vt « 1) exposed to irradia-
tion producing an artificial prolongation of the reaction time that
greatly facilitates sampling at the initial stages of the inactivation
process. The liquid in the tank was kept at constant temperature
(20°C) by means of a jacket connected to a recirculating water
thermostatic bath (HAAKE). Connections between the different
components of the recycle were achieved with silicone tubing.
This reactor set up was build for laboratory research and under
no circumstances must be regarded as a proposal for industrial
applications.

3. The experimental procedure

E. coli strain ATCC 8739 was used throughout this work. The
culture was grown in two different types of broth: (i) A complex
medium (nutrient broth) having as main component beef extract
and (i) a synthetic medium of well-known composition having
as main component glucose. In the first case the broth compo-
sition was—tryptone: 10 gt!, beef extract: 5g £t and NaCl
5gL~1. In the second case the broth was prepared according
to the components and concentrations suggested by Bailey and
Ollis [25]. The working solution was prepared from a culture
Fig. 1. Experimental set up. (1) Parabolic reflectors, (2) lamps, (3) filters, (4fhat had reached the stationary phase of growth (always €a. 10
photoreactor, (5) pump, (6) tank, (7) thermostatic bath and (8) stirrer. colony forming units per c®) and, afterwards, brought to the
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Table 2
Operating conditions and optical properties of the components

ation was 15 CFU cm? when the sample of 1 chwas plated
directly.

Operating conditions
Initial conditions
Escherichia coli Cgc

10* to 1 CFUcni 3 4. Modeling equations for almost clear water conditions

Medium Cpn) 103t010%gcm3

Ave;a%e res'tdence time per pass in the 21s The starting point for the modeling of the present research is
photoreactor H . H .

Ratio of ValVy 0.07 a set of equations already derived in previous wai 24,26]

These expressions will give the upper limit of the inactivation

Optical characterization rates considering that all of the microorganisms are fully dis-

Specific absorption coefficients of the reacting medium
componentsd;) at 253.7 nm
E. coli
Nutrient broth
Glucose broth

1.38x 10 9cm? CFUL
1284 cig~!
144 chg!

persed. They were obtained in the following sequence:

(i) Inactivation is considered a special type of reaction result-

ing from the interaction of the UV radiation with some of
the chemical components of the bacteria.

(i) The inactivation reaction is modeled with a modification

desired dilution with sterilized saline. Concentration of oxygen
(air) and temperature (2@) were kept constant.

The specific absorption coefficients (Napierian absorptivi-
ties) of the two different culture media afd coli were mea-
sured in a UV-vis Lamda 40 Perkin-Elmer Spectrophotometer
at253.7 nm. Theresults are showTable 2 In a previous work
[22] it was shown that all the cultures behave as a homogenous

of the series event approach and represented by a set of
successive reactions called damaging reactions according
to the state of damagé™that the microorganism has been
subjected toi(=0, 1, 2,..., n). n is the threshold limit of
damage when the bacteria become inactivated. The details
of the derivation were described in Labas ef22] and the
results are:

_kCEQi[e%Qi()_C» " + Re fori=0
Reci(x, 1) = ¢ kCeci-1[egc;(x, )" — kCecilegc;(x. )" + Re fori=1,....,n—1 (1)
kCEc.i—l[e%c,ifl()_C, " fori=n

system having absorbances that show a linear dependence with

the species concentration. Most of the inittalcoli CFU con-
centrations ranged from 4@ 10’ CFU cnm 23 depending upon
the dilution of the culture, but some runs were also made with
values above?, = 108 CFU cnT 3.

The lamps were turned on, allowing for 30 min to stabi-
lize their operation (during this time the shutters at the reactor
windows were on). The working solution was added to the
reactor. Immediately after, recirculation was established until
the temperature gave a constant reading. All inactivation runs
were made under isothermal conditions at@0The sample at
t=0 was taken at the same time that the lamp shutters we
taken off. Afterwards, samples were taken at different time
intervals for several measurements. After every run the whol
equipment was carefully disinfected with sodium hypochlorite
dilute solution, followed by dilute ethanol solution and sev-
eral washing operations with distilled water. Runs were always
duplicated in order to ensure reproducible results and minimize
errors.

Samples were taken initially every 10 s and, afterwards, dur-
ing the first 600 s every 60s. A normal run lasted from 1000 to
approximately 12,000 s depending on the operating conditions.
Dilution of the samples to obtain the optimum concentration
for the CFU counting method was made with sterile peptone
water solution. Triplicate measurements of all samples were
made. Each sample was subjected to the following measure-
ments: absorbance at 253.7 nm and CFU counting using specific
Petrifilm™ plates (3 M Microbiology Products) fdt. coli and
coliform bacteria. The limit of detectable bacteria for enumer-

Essentially, the rate has a linear dependence with respect to
the viable bacteria concentration and is also proportional
to the radiation absorption rate by the viable bacteria risen
to an unknown ordernf). This means that the effect of
the light intensity is not assumed to be of first order and,
additionally, the relationship is established in terms of the
absorbed intensities. This assumption is in accordance with
the experimental evidences reported by Oliver and Cos-
grove[10] that indicated that the inactivation rate does not
show a linear relationship with the applied light intensity.

I(’isii) A series of damaging events are needed to reach the point

of bacteria inactivation. The threshold limit of eveni}i6
an additional parameter of the model.

?iv) As indicated in (ii) the inactivation rate is a function of the

UV radiation energy absorbed by the bacteria. The avail-
able energy for absorption is a function of: (1) the medium
concentration, (2) the time dependent radiation absorption
produced by the variation of viablE coli concentration
and (3) the position inside the reactor, particularly due to
the radiation attenuation in a non-transparent media. Thus,
in order to know the existing radiation field as a function
of position and time, the radiative transfer equation (RTE)
must be solved inside the reactor. For one dimensional irra-
diation, valid for the employed experimental device, the
resulting equations are:

G(x, 1) = Gulexpl-rr(r)x] + exp[-(kT()x)(Lr — X)]}
(@)
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Table 3 from the theoretical model is a set of pairs of values of CFU con-
Boundary conditions,; from actinometric measurements) of the reacting centrations versus time. These results can be Compared with the
system22] same pairs of experimental information collected in the reactor
Experimental conditions employing a non-linear, multiparameter estimator assisted with
Heraeus NNI40 14.95 10;9 einstein C”fil an optimization program. The results of this parameter estima-
With neutral density filter (179) 2.55 10 einsteincm®s tion are: (1) the average number of damaging steps needed for
Philips TUV15 5.85¢ 10 9 einsteincm s inactivation ¢) that is forced to be an integer, (2) the inactivation

With neutral density filter (179) 0.9 10”9 einstein cm® s~ kinetic constantk), and (3) the reaction order with respect to
the radiation absorption rate:). The kinetic constant for the

n—1 n—1 growing reactiorkg can be obtained with separate experiments.

KT(I)ZZKEQi(I)+Km = ZaEquEc,i(t) +amCm  (3) Typical results under almost clear water conditions [water

i=0 i=0 practically transparent to the UV irradiation prepared with a

@) large dilution (1/1000) of the original culture medium] are shown
in Fig. 2(a). It is a plot of the changes iR coli concentration
Note that a different type of reactor will require the use of (in terms of colony forming units) as a function of time resulting
the appropriate and very likely different form of the RTE from averaged duplicated runs and triplicate Petrifithrsam-
that, in the most general case, is a three-dimensional equile measurements. These conditions could be assimilated to the
tion. case of a plant treatment for domestic distribution of potable
(v) The solution of the RTE requires the knowledge of awater. The obtained inactivation is at least 99.99% in rather
boundary condition: the incident radiation at each reactoshort contact times. It must be noted that the ratio/gfVr
window: Gy,. It was experimentally obtained with chemi- is 0.07 and, consequently, the effective contact times are more
cal actinometry resorting to an interpretation of the results
according to the description made in Labas ef24]. The

g = keci(t)G(x, 1)

10
results are shown ifiable 3 .
(vi) The reaction rates are incorporated into a special type of "-’E .
“mass” balance in terms of the colony forming units (CFU) s = %
concentrations. The final equation is S
2 ] -
dCeci(?) VR 5 '°
—22 = S (Reci(x, 1)y (5) 5 ¥
dt Tk VT = a
5 1077
with £ z
i=0 Ceco = C2 S 2
t=0 o8 Re0 8) 5
i=1,...,7’l CEQiZO
10" T T =2
and 0 200 400 600 800
(a) Time (s)

(Reci v = - |
R

Reci(x,)dV = Reci(r)  (7)

The derivation for an analogous experimental device can be
found in Labas et al[24]. However, it must be clearly stated
that this equation is valid when: (i) the reactor and the tank are
well mixed, (ii) the recirculation rate is high, (iilyr/VT <« 1

and (iv) the change in concentration per pass in the reactor is
rather small (which results from the mentioned high recircula-
tion flowrate). Notice that the ratio &/V is explicitly shown

in the CFU balance and that the changes in concentration are
measured in the tank. It must be also clearly noted that since the
inactivation rates are a function of position through their direct
dependence with the local value of the radiation absorption rate
by the viable bacteria, they must be reactor volume averagegly. 2. (a) Typical experimental data of bacteria inactivation corre-
before integrating the CFU balances. For a well-mixed reactogponding to the transparent, diluted mediufig, = 1.25 x 10° CFU cnt;
this averaging procedure strictly applies to the radiation field. Cm=5x10"°gcm > and Philips TUV15 lamp (100%). (b) Comparison of

These equations must be solved numerically because tH@oc_JeI predicti_ons vs. experimental data_of bacterig inactivation (_:orresponding
CFU bal d th diation t t fi Ito diluted medium [Eqg1)—(7): (OJ) bacteria grown with the synthetic medium,
alances an € radiation transport equation are coup ?g) bacteria grown with nutrient broth. Runs were made with Heraeus NNI40

through the variable bacteria concentration along the reactiogmps (1009 and 17% input power) and Philips TUV15 lamps (100% and 17%
time 7. Consequently, iteration is unavoidable. The final resultnput power).

y = (1.0015 + 0.0098)x
R® = 0.9841

1 6

10" 10°  10°  10* 10° 10
Experimental Concentrations (CFU cm'a)

T Predicted Concentrations (CFU cmi®)
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than 14 times shorter. For this case, Labas ef22] model 20
have shown an excellent agreement between theoretical predic-
tions [according to Eqs(1)—(7)] and experimental values as
shown inFig. 2(b) for an ample range of the explored variables
(different irradiation rates, initial CFU concentrations and two
different diluted media: synthetic medium and nutrient broth). In
all the experiments the reacting medium was diluted and under
these conditions it was found th&g = 0. With a 95% confi-

—ry
(o]
1

-
n
1

e* (einstein s'cm®) x10™

8_
dence interval, the estimated parameters including both media
were:n=2,m=0.205+ 0.015k=9.03+ 0.36 (cnt W 1) s~ 1 .
ork=1.31x 10?4+ 5.21 (cn¥ s einstein1)” s1,
5. Preliminary experiments with a strongly absorbing 0 0 07 14 21 28 35 45 49
and nutritious medium x [cm]

. . . Fig. 4. Bacteria local volumetric rate of photon absorption distribution inside
Fig. 3 presents a typical result of the average of two dupli the reactor at initial conditionsC2, = 4.5 x 10°. Solid line: using nutri-

cated i_naCtivation ru_ns in the co_ncentrated medium_ Process%qt broth withCry, =1 x 10-3 g cn3; broken line: using synthetic broth with
according to the previously described procedure. Atailing on the,,, =5 x 1076 g cmr 3. Gy, = 14.95x 109 einstein cm2sL,
plot of CFU concentration versus time is clearly observed. Itis

equally evident that Eqg1)—(7)with Rg =0 will not represent  rate by the bacteria (at the same initial concentrations) or by
this performance. This tailing phenomenon has been reportefie media as a function of the distance from the windows of
previously by several authors, for example Oliver and Cosgroveadiation entrance. Therefore, as indicated by E2)s:(4), the
[10], Emerick et al[11], Qualls et al[12], Loge et al[16], and  exponential attenuation will have a very important effect. This
Taghipour20] as well as others already mentioned in Seclion change is irreducible because of the large differences in the char-
Itis clear that the photon concentration profiles (the distribuacteristic times corresponding to mixing and photon transport.
tion of the available energy as a function of the reactor lengthYhus, the model uses the irradiation rate at the reactor window
under the new operating conditions must be quite different. How¢the incident radiatiorGy) only as a boundary condition for
ever, the change in the attenuation of the radiation field due tghe RTE, but takes fully into account the existence of a stronger
the existence of a much more concentrated medium is takemdiation absorbing medium (the concentrated culture) when the
into account by the radiation transport equation. In effect, th&alue ofkp, is incorporated inta (7). These differences in the
total absorption coefficient, calculated according to the correavailable energy as a function of the position along the reactor
sponding (in this case, very different) optical properties of thelength (the incident radiation distribution in the reaction space),
reaction space, is part of the model described by E)s(4)  producing a whole field of different inactivation rates as a func-
Fig. 4shows the different values of the local volumetric rate oftijon of the spatial position, have been taken into account by
photon absorption by the bacteria (at initial conditions) whenggs. (2)-(4) and cannot explain the observed phenomena (the
concentrated and dilute media are used. For a better understangiing effect). Notice once again that the calculated rates are
ing of the observed differencefsig. 5shows the same properties the result of volume-averaged values to take into account the
for the two different cultures (concentrated and diluted condifact that experimentally measured values represent the result
tions). All the plots show the change in the radiation absorptiorbf bacteria exposed to different irradiating conditions produced

a8
10
g 20 20
2
T 16 ©,
- —
S o o
E 107 = k% 7
s} o -2 @
£ @
5 |=
= ) -8 3
= 4| £ !
£ 10 z —
g £ 3
(o] — o
O = o 4 [
o
L = - =
o 10° T T 0 T T T T T T 0
0 4000 8000 12000 0 0.7 1.4 21 2.8 3.5 4.2 4.9

Time (s) X [cm]

Fig. 3. Typical experimental data of bacteria inactivation corresponding toFig. 5. Medium local volumetric rate of photon absorption inside the reactor
the concentrated mediuaf, = 6.9 x 10’ CFUcnT3; nutrient broth with  at initial conditions. Solid lineCm =1 x 10-3gcm3; broken line:Crp =5 x
Cm=1x 10-3gcm 2 and Philips TUV15 lamp (100%). 10-6genr3. €2, = 4.5 x 107. Gy, = 14.95x 10~° einsteincm?s™1.
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by the operating conditions of mixing. In conclusion, the radi-kinetic response of the daughter culture. One can say that from
ation attenuation effect produced by the concentrated mediutine kinetic point of view — and exclusively based on this limited
is explicitly considered in the employed radiation model and aobservation — UV radiation does not seem to induce a significant
phenomenological correction as suggested by Loge ¢1&]l. change in the characteristics of the surviving, viable bacteria.
to account for this change is not compatible with this model.
The possibility that the concentrated medium may signifi-6. A model for a concentrated nutritious medium
cantly change its optical characteristics during the run should be
analyzed. The following experiment was performed in order ta5.1. The growing effect
investigate the invariance of the optical properties of the media
employed to carry out the inactivation reaction when they were When the reaction environment contains nutritious compo-
exposed to germicidal lamp irradiation. The employed concennents the possibility that the fraction of viable bacteria (not
trated media, without bacteria, were irradiated during more thaget inactivated) continue with its reproductive activity at an
1h (3800s). In both cases, the observed changes in absorbaraggpreciable rate cannot be disregarded. This also includes those
were always within the experimental error. In any event, the sammiicroorganisms that may have been subjected to partial dam-
measurement was made for every sample in order to use in eaalge only and are not totally inactivated. In order to analyze
case the corresponding radiation absorption characteristics. this possibility, the following set of experiments was carried
Experiments were also carried out to observe the possibilitput: The inactivation reaction was performed during approxi-
that UV-induced genetic flaws could result in population het-mately 2000 s and immediately after the UV lamps were turned
erogeneity and high resistance to UV irradiation among a smabff. Maintaining the recirculation in the recycling system the
fraction of bacteria in the existing population. Starting with aexperiment was continued during approximately 6000 addi-
CFU concentration in the order of 1GFUcnT3, runs were tional seconds in the dark. It was observed a growth in the
made during approximately 12,000 s under the normal operatoncentration of CFU as it is shown fig. 7. It can be noted
ing conditions. During this run, at- 2000 s samples were taken that the previously shown plateaukig. 3has been substituted
having a CFU concentration in the order of?IZFU cnt 3, by a moderate increase in tlie coli concentration. This type
Employing the bacteria of these samples (taken=2000s), of run was repeated employing different medium concentrations
the normal protocol was followed to grow a new culture upand starting the dark experiments with different CFU concentra-
to a concentration in the order of AGFU cnT 3. With the  tions. The results of a typical experiment are depictefiiin 8
culture prepared with the daughter bacteria, inactivation runsrhere a clear linear dependence of a pseudo-growing constant
were performed again during approximately 12,000 s under theith respect to the medium concentration is shown. It is very
same experimental conditions than with the mother culture. Thamportant to note that, under these experimental conditions, the
results are shown iRig. 6. rate of growth was independent of the bacteria concentration;
No significant differences were observed between the behav:e., the observed rate was of zero order with respect to the CFU
ior of the mother culture and that of the daughter one. The tailingoncentration. This very unusual behavior has been observed
and the plateau are similar in both cases. One can conclude thatfore and interpreted as the resulting effect of the stress and
from the inactivation kinetics point of view both cultures have partial damage that the bacteria have been subjected to during
the same response. In other words, the development of a motiee time that they have been exposed to the UV radigf@h
resistant colony to UV irradiation cannot be deduced from theéAn additional cause cannot be neglected: the concentration of
some of the indispensable components of the medium could have

10° been seriously depleted during the standard growing protocol.
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Fig. 6. Comparison of UV inactivation of “mother” and “daughter” cul- Time (s)

tures of Escherichia coli: (O) “mother culture”, C2. = 4 x 10’ CFU cnt3;

(0) “daughter culture”, Cgc =25x 10’ CFUcnt3; nutrient broth with Fig. 7. Bacterial growth in the system after the lamp was turnedagg.z
Cm=1x10"3gcm 3 and Heraeus NNI40 lamp (100%). All bacteria were 1.89 x 10° CFU cnt3; nutrient broth withCpy =4 x 10-3 g cmi=3 and Heraeus
grown with nutrient broth. NNI40 lamp (100%).
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a damage-repair mechanism in the dark, with a similar kinetic
behavior, cannot be totally excluded.

In order to have a quantitative evaluation of the significance
of this growing rate the following information was calculated.
The initial reaction rate (just after the very few seconds of induc-
tion time) was compared with the growing rate employing the
same culture. The growing rate is eight orders of magnitude
smaller that the initial inactivation rate. They become compa-
rable only after 3600 s of irradiation when the concentration of
viable bacteria has been drastically diminished.

30

6.2. The association effect

y = (26904 +137)x The observed experimental information also suggested that
R? = 0.999 some form of protection beyond the significant attenuation in
0 ! the radiation field is taking place. The inactivation rate with the
0 5 10 concentrated medium is different as it can be deduced from the
slope of the plots of CFU concentration versus time. The rea-
sons for this additional reduction in the inactivation reaction are
Fig. 8. An example of the growth constant dependence with respéi.to not clear. The phenomenon takes the appearance of some form
of bacteria protection by some of the components of the nutri-
It must be specially noted that growing experiments carried oufious medium. Notwithstanding that a similar behavior has been
with non-irradiated bacteria and fresh culture, have shown thgbserved by others, in most cases the reported shielding effect
typical Michaelis—Menten growth. The rate of growth was mod-have been almost always associated with the presence of solid
eled with a very simple expression representing a first ordeparticles[11,12,19,20] One could hypothesize, and this is an
dependence with respect to the medium concentration: assumption of the model, that this sort of protection is related
Re = kaCrq for i=0.1....n—1 ®) with the medium concentration (recall that in this work, parti-
cles were not present). The first and simpler approximation is
Differing from the case corresponding to almost transparento assume a first order dependence. @yrepresents the max-
water (where the nutritious components concentrations wer#gnum inactivation rate for totally “dispersed” bacteria. Then, it
negligible and it was found th&g = 0) it seems reasonable that is proposed to complete the model subtracting from the equa-
Eq.(8) must be incorporated into the model equations. Note thation describing the inactivation in a medium of totally dispersed
this “reaction” takes place in the whole systeviywhile inac-  bacteria, the fraction that is being protected by some sort of
tivation only occurs ifVg. There is no doubt that the observation association with the components al the concentrated culture:

x10*

Cm(g cm™

(kprotcm)CEc,i[egqi(x’ " fori=0
RP()C, [) = (kprotCm)CEC,[—l[e%C,i_1(X, t)]m + (kpro[Cm)CEc’i[EEC’i(X, t)]m fori = 1, N (e 1 (9)
(kprotCm)CEc,i—l[e%(;i_l(ﬂ nl" fori =n

of this phenomenon was facilitated by the employed experitn Emerick et al[21] conceptual description for a medium with
mental device (the recirculating system with the large volumeparticles of different size these equations represent the group of
storage tank). The growing rate is not too large; therefore itassociated” bacteria that do not receive the incident radiation
becomes comparable with the inactivation rate (which exhibitgorresponding to the radiation distribution field described by
a strong dependence on the CFU concentration) when the baggs.(2)—(4). Diffusion limitations have not been considered to
teria concentration is rather low; i.e., when the exposition timeexplain this phenomenon because of the prevailing very strong
is large, both rates may be of similar order of magnitude and thenixing conditions. Moreover, no mass transfer limitations were
combination of both effects seems to be partially responsiblebserved when the inactivation rates were very high and this
for the observed plateau. In conclusion, in concentrated, nutrieffect could have been of greater significance.
tious media bacteria growth may give rise to a competitive effect
that precludes the possibility of reaching negligible concentrag, Final equations
tions of bacteria inactivation. In any event it is fair to note that

Egs.(8) and (9)can be incorporated in the set of equations
derived for the almost transparent medium. The result is

—(k — kprotCm)CEc,i[egqi(X, " + kcCm fori=0
REC’[()C, t) = (k - kprotCm)CEc!ifl[e%C’l-_l(x, t)]m — (k — kprotCm)CEQi[E%C,i(x, t)]nl + kGCm fori = 1, N (e 1 (10)
(k — kprotCm)CE(;i—l[eEQifl(xa t)]m fori=n
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Fig. 9. Comparison of model predictions and experimental data of bacteria inac- 1

tivation. Solid lines: model predictions; experimental da¢g:leraeus NN40I s " !

2 ;
lamp; () Philips TUV15 lamp; nutrient broth witlim =1 x 103 g cm23 and 10 Exoeriment de9 onl 10 rat
€9, = 10’ CFU ont . xperimental dimensionless concentration

. Fig. 10. Bacteria inactivation. Compendium of all experimental data comparing
It must be noted thalg has been obtained from separate EXPETmodel predictions with experiment§l( Cp, =4 x 108 g cm2 (nutrient broth);

iments measuring the kinetics of bacteria growth employing¢) ¢, =5x 1076 gcnr3 (synthetic broth); £) Cn=1x 10-3 g cn3 (nutri-
irradiated, but viable bacteria: ent broth). Runs were made with Heraeus NNI40 and Philips TUV15 lamps and
different initial CFU concentrations.

ke = 1.50 x 10° + 1490CFUg1s?t

On the other handyror cannot be estimated separately andconcepts included in the kinetic model are independent of the
prot reactor configuration. It is also clear that for a reactor of dif-

will be the result of the non-linear, mutiparameter estimation ; . . .
obtained from the comparison of the model predictions withferer_1t shape or different operatmg °°”d'“‘?f.‘s (not weII-m|xed,_
the experimental data. Integration of the set of equations [qu_ontmuous, etc.) the correspondmg, specific mass balances in
(2)=(7) and (10) was done with a Runge-Kutta routine of terms of the CFU concentrations will have to be derived.
second order for stiff ordinary differential equations and the For_ transparent waters, whep, — 0, Eq. (10) reduces to
parameter estimation was performed with a modification of théhe original set represented by Kf) because:
weII—kljown_ Levenberg—Marquarldt algorithf®8,29] Parame- Rg = kgCrm = 0, kobs = k — kprotCm = k (11)
ter estimations were made for different valuesi¢f =0, 1, 2,
..., n). The value ofk was taken from the results in diluted The values ofs andm in the case of concentrated medium
media[22]. For each threshold limit the values &fot and are equal to the ones obtained for the diluted media. It
m were estimated. Different initializing values were employedseems possible to obtain a single set of parameters for
to confirm the uniqueness of the results. For the concentratdabth operating conditions. Then, the non-linear, multiparam-
medium the following set of parameters was obtained2, eter estimation was repeated including in the evaluation all
m=0.205+ 0.015,k=9.03+0.36 (cntW-1)"s 1 or k=1.31  the runs: those corresponding to dilute and to concentrated
x 107 £5.21 (cnP s einstein )" s71, kprot=5.46x 10°+£3.39  media, with different initial concentrations of the CFU and
x 107 (cm® WLy emPgts 1 or kprot=7.95x 104 +£4.95x  the four different irradiating conditions. The unified set of
10° (cm® s einstein)y” cm®g—1s1. parameters, within a 95% confidence interval, resulteel2,

Note that the same threshold limit£ 2) and the same reac- m=0.205+ 0.015,k=9.03+0.36 (cnt W 1)"s1 or k=1.31
tion order ¢ = 0.205) with respect to the photon absorption ratex 10° +5.21 (cn¥ s einstein1)” s71, kg =1.50x 10% + 14.90
have been obtained for both concentrated media andthas ~ CFU g 1s™2, kprot=5.46x 10° £+ 1.86x 107 (cm® W~ 1) cm?
fixed as the corresponding value for dilute media. Hence the optg =t s™1 or kprot=7.95x 10* £2.72x 10% (cm® s einstein )"
mization procedure applied exclusivelylt@ot, n andm. Fig. 9 cm*g~1s1.
shows some typical results. The solid lines are predictions from In Fig. 10 the good agreement between model predictions
the model and the diamonds and circles experimental pointand experimental data is shown including all the data corre-
These results are of general validity for the employed bacteriaponding to dilute and concentrated medium concentrations,
and cultures and can be applied to any type of reactor. If the raddifferent initial CFU concentrations and different irradiation
ation field is not one-dimensional the appropriate RTE must beates. Thus a single set of parameters can be used for both oper-
used[18]. Gy can be measured with different procedures (acti-ating conditions. It should be remarked that the model is limited
nometric or radiometric) or could be estimated from radiationto media without solid particles because when they are present
emission model§l18]. ke andkprot depend on the characteris- Eqg. (9) will certainly be different and scattering effects should
tics of the employed medium and will have to be measured wittbe taken into account changing also very drastically the form of
laboratory experiments for each particular application, but thégs.(2)—(4).
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Table 4

Pseudo-quantum yields for bacteria disinfection

Lamp (nominal Medium concentration (2o In (quantacm®s1) Bacteria concentration Pseudo-quantum yield
power in (W)) (genm3) (CFUcnT3d) (UFC quanta?)

15 1x 1073 4.88x 1013 3.1x 10 1.82x 107

40 1x 1073 1.96x 104 5.0x 107 6.87x 1078

15 5% 1076 8.91x 101 8.3x 10* 1.96x 1078

40 5x 107 2.23x 10%? 8.9x 10* 3.61x10°°

Note the large difference if. coli initial concentration between the two different media (rows 1 and 2 vs. rows 3 and 4).

Very often research in photochemistry resorts to the concepespondence between an absorbed photon (having one quanta
of overall quantum vyield to report some sort of efficiency in of energy) and a chemical or energetic change in the molecule.
the use of the applied photons to the pursued objective. It i8Vith the exception of chain type reactions, the overall quantum
interesting to know if it is possible to expand this concept toyield is usually less or equal to 1. It is clear that a bacterium is
disinfection processes. Essentially, the overall quantum vyieldot a single chemical species (an atom or a molecule); conse-
has a very simple definition: quently, it seems quite unlikely that a single photon (even of short

time rate of change of the concentration of a given species
volumetric rate of photon absorption by the radiation absorbing species

In the numerator the chosen species could be a reactant ongyelength) could inactivate one CFU. Therefore, one should
product. Strictly speaking the definition applies to monochro-expect very small values for the overall quantum vyield. The
matic radiation, but it can be also extended to the polychromatigpits of ®inact are CFU per quantdable 4shows the values
one. The simplest case is its application to a well-mixed batclorresponding to two irradiation rates and disinfection reac-
reactor with monochromatic irradiation. In mathematical termsijons with diluted and concentrated media. According to the
_ (Ri(x, ) vq (13) physical explanation given before, in all cases the calculated
~ ((x, ,)>VR pseudo-quantum yields are extremely low. However, it is very
important to observe the very significant effect produced by the
The volume-averaged values are necessary due to the unavoistder dependencen(=0.205) of the local volumetric rate of
able spatial distribution of light intensities. This definition is not photon absorption by the bacteria on the reaction rate. Thus,

complete and has some limitations in the interpretation of thgiuantum yields are larger for the lower irradiation rates.
obtained results, because the reaction rate also depends on other

variables such as the initial concentration of the spegitdse 8. C .
. . . . Conclusions
time when the reaction rate is measured and many other param-
eters such as temperature, pH, concentration of the catalyst if
used, etc. The LVRPA in the denominator is also a function o
time dependent concentrations and the order of magnitude
the irradiation rate. Consequently, all these parameters shou
be stated when a quantum yield is reported. Usually, some q
these uncertainties are solved working with values calculate
whent— 0; i.e., with initial rates. The units of the quantum
yield are quanta per molecule or einstein per mole (an einstei
is the energy of one quantau) multiplied by the Avogadro’s
number).

Excluding the short initial time lag when the disinfection rate
is equal to zero, we propose to calculate the disinfection pseud
quantum yield according to the following definition:

initial inactivation rate Acknowledgments
initial volumetric rate of photon absorption by the bacteria

(12)

Akinetic model describing the inactivation ratefotoli bac-
ft?,ria in contaminated waters has been developed. It can be used
ith almost clear water conditions as well as in concentrated
nd nutritious) media. It takes into account the radiant energy
ffectively absorbed by the bacteria, the possibility of bacteria
rowing during the inactivation process in a nutritious medium
and the existence of some sort of association effects produc-
mg some form of bacteria protection observed in concentrated
environments. These results reveal that the effect of the absorbed
light intensity on the inactivation rate is not directly proportional
to the absorbed incident radiation presenting an unusual 0.205
Brder dependence.

(14) The authors acknowledge the received support from Univer-
sidad Nacional del Litoral, FONCYT (BID 1201/0OC-AR) and

P [(REc(x, t))LR] ] CFUcn3s1 (15) CONICET. Thanks are also given to Eng. E. Luciano (Facul-
(€2 (x, t»LR " os guantacm3s-1 tad de Ingeniéa Qumica, Food Engineering Department) for

his valuable help in developing and conservation of the bacteria
wheres is the short induction time when the concentration ofculture and to 3M Microbiology Products for supplying part of
E. coli remains constant. In the conventional chemical reacthe used Petrifil™ plates. The technical assistance of Eng. C.
tion case, one could, in principle, observe a one to one coRomani and Mrs. G. Appendino is gratefully appreciated.



M.D. Labas et al. / Chemical Engineering Journal 114 (2005) 87-97 97

References [15] R. Emerick, J. Darby, Ultraviolet light disinfection of secondary efflu-
ents: predicting performance based on water quality parameters, Plan.

[1] J. Blanco, S. Malato, C. Estrada, E. Bandala, S. Gelover, T. Leal, Purifi- ~ Des. Oper. Effluent Disinfection Sys. Spec. Conf. Ser., Water Environ.

cacbn de aguas por fotoddisis heterognea: estado del arte, in: M. Fed., Whippany, NJ, 1993.

Blesa (Ed.), Eliminadin de Contaminantes por fotoaisis heterognea, ~ [16] F. Loge, R. Emerick, M. Heath, J. Jacangelo, G. Tchobanoglous, J.

Red CYTED VIII-G, Cap. 3, Argentina, 2001. Darby, Ultraviolet disinfection of secondary wastewater effluents: predic-
[2] R. Minear, G. Amy (Eds.), Disinfection By-Products in Water Treatment, ~tion of performance and design, Water Environ. Res. 68 (1996) 900-916.

CRC Lewis Publishers, Florida, USA, 1996. [17] T. Blume, U. Neis, Improved wastewater disinfection by ultrasonic pre-
[3] N. Gray, Drinking Water Quality, Problems and Solution, John Wiley & treatment, Ultrason. Sonochem. 11 (2004) 333-336.

Sons, Chichester, UK, 1994. [18] A. Cassano, C. Main, R. Brandi, O. Alfano, Photoreactor analysis and

[4] M. Stefan, C. Williamson, UV light-based applications, in: S. Parsons  design: fundamentals and applications. A Review, Ind. Eng. Chem. Res.
(Ed.), Advanced Oxidation Processes for Water and Wastewater Treat- 34 (1995) 2155-2201.

ment, IWA Publishing, Cornwall, UK, 2004. [19] F. Loge, R. Emerick, T. Ginn, J. Darby, Association of coliform bac-
[5] E. Blatchley lil, O. Scheible, Ultraviolet disinfection, in: Wastewater teria with wastewater particles: impact of operational parameters of the

Disinfection: Manual of Practice FD-10 (Chapter 7), WEF, Alexandria, activated sludge process, Water Res. 36 (2002) 41-48.

1996. [20] F. Taghipour, Ultraviolet and ionizing radiation for microorganism inac-
[6] J. Guerrero, G. Barbosa, Advantages and limitations on processing foods fivation, Water Res. 38 (2004) 3940-3948.

by UV light, Food Sci. Technol. Int. 10 (2004) 137-147. [21] R. Emerick, F. Loge, T. Ginn, J. Darby, Modeling the inactivation of col-
[7] J. Jagger, Introduction to Research in Ultraviolet Photobiology, Prentice-  iform bacteria associated with particles, Water Environ. Res. 72 (2000)

Hall, Inc., Englewood Cliffs, NJ, 1967. 432-438.
[8] H. Chick, Investigations of the laws of disinfection, J. Hyg. 8 (1908) [22] M. Labas, R. Brandi, C. Main, A. Cassano, Kinetics of bacteria inac-

92-158. tivation employing UV radiation under clear water conditions, Chem.
[9] B. Severin, Kinetic modeling of microbial inactivation by ultraviolet, Eng. J., submitted for publication.

Ph.D. Thesis, University of lllinois at Urbana-Champaign, USA, 1982. [23] O. Alfano, R. Romero, A. Cassano, A cylindrical photo reactor irradiated

[10] B. Oliver, E. Cosgrove, The disinfection of sewage treatment plant efflu-  from the bottom. |. Radiation flux density generated by a tubular source
ents using ultraviolet light, Can. J. Chem. Eng. 53 (1975) 170-174. and a parabolic reflector, Chem. Eng. Sci. 40 (1985) 2119-2127.

[11] R. Emerick, F. Loge, D. Thompson, J. Darby, Factors influencing ultra-[24] M. Labas, C. Zalazar, R. Brandi, C. Mart A. Cassano, Scaling up of a
violet disinfection performance. Part Il. Association of coliform bac- photoreactor for formic acid degradation employing hydrogen peroxide
teria with wastewater particles, Water Environ. Res. 71 (1999) 1178—  and UV radiation, Helv. Chim. Acta 85 (2002) 82-95.

1187. [25] J. Bailey, D. Ollis, Biochemical Engineering Fundamentals, 2nd ed.,

[12] R. Qualls, M. Flynn, J. Johnson, The role of suspended particles in ultra- ~ McGraw-Hill Book Company, New York, 1986.
violet disinfection, J. Water Pollut. Contr. Fed. 55 (1983) 1280-1285. [26] C. Martin, O. Alfano, A. Cassano, Decolorization of waters for domestic

[13] R. Qualls, S. Ossoff, J. Chang, M. Dorfman, C. Dumais, D. Lobe,  Supply employing UV radiation +hydrogen peroxide, Catal. Today 60

J. Johnson, Factors controlling sensitivity in ultraviolet disinfection (2000) 119-127. o '
of secondary effluents, J. Water Pollut. Contr. Fed. 57 (1985) 1006427] R. Stanier, E. Adelberg, J. Ingram, The Microbial World, Prentice-Hall,
1011. Inc., Englewood Cliffs, NJ, 1976.

[14] J. Darby, M. Heath, J. Jacangelo, F. Loge, P. Swaim, G. Tchobanoglou$28] K. Levenberg, A method for the solution of certain problems in least
Comparative efficiencies of chlorination/dechlorination and ultraviolet ~ sguares, Quart. Appl. Math. 2 (1944) 164-168.

irradiation, Re 91-WWD-1, Water Environ. Res. Found., Alexandria, [29] D. Marquardt, An algorithm for least-squares estimation of nonlinear
VA, 1995. parameters, J. Soc. Ind. Appl. Math. 11 (1963) 431-441.



	Kinetics of bacteria disinfection with UV radiation in an absorbing and nutritious medium
	Introduction
	The reacting system
	The experimental procedure
	Modeling equations for almost clear water conditions
	Preliminary experiments with a strongly absorbing and nutritious medium
	A model for a concentrated nutritious medium
	The growing effect
	The association effect

	Final equations
	Conclusions
	Acknowledgments
	References


