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ARTICLE INFO ABSTRACT

Keywords: A methodology for the analysis of the behavior of complex reactors based on the construction of profiles of
Photoreactor a dimensionless number (Damkohler) for each main chemical species (Dg;) was proposed. A 4-chlorophenol
Tub;llar reactor mineralization reaction in a heterogeneous solar reactor with suspended TiO, and addition of H,0, with tubular
Scaling-up . geometry and radiation collectors, fluid flow and a recirculation system was selected as a complex model system
Reactor design . . . . R . .

Modeling in order to validate the approach. The dynamic behavior of the reactor in dimensionless variables was modeled

as a function of Dg;. Where Dg, (z,1) is a local property and grouped the optical and surface’s properties of the
catalyst, catalyst load, radiation intensity, the photon absorption rate, rate of non-photochemical reactions, the
H,0, effect, the reaction rate of different stages like adsorption, attack of radicals, surface reactions, plus design
and operation variables like reactor volume and volumetric flow.

A coupling of orthogonal collocation and Runge-Kutta methods were used to solve the PDEs and carry out the
simulations to the different experimental conditions, resulting in profiles of Da;, C;, and conversion in function of
time and space. The Da; profiles proposed in the new methodology are capable of describing the disturbances in
solar reactors, to indicate consumption and generation rates, instantaneous changes of reaction rate, to describe
competitive reactions and quenching effects and to determine equilibrium concentrations, all of the above at
each time and space. Therefore, this approach is a analysis tool of reactors which complements the concentration

Finite differences

profile. This methodology can be extended to other reactive systems, adapting the intrinsic reaction rates.

1. Introduction

Simulation has been widely used to describe complex systems, such
as reactors, in order to design new geometries, determine the volume
of new reactors, analyze different scenarios, determine the conversion
and optimize operating variables [1, 2, 3]. Solar reactors are used in
water treatment research to degrade pollutants by advanced oxidation
process. These reactors can be heterogeneous with semiconductors sus-
pended in a solution, they do not have a uniform distribution of radiant
energy [4], in addition the radiation fluctuates at every moment, mod-
ifying the local rates of the reactions [5]. The tubular reactor with
compound parabolic collectors CPCR [6] redirects the surrounding ra-
diation to a tube with high transmittance walls [7]. In a sufficiently
long tubular reactor, and with turbulent flow conditions (Re > 1700)
[8], the flow can be considered to vary mainly in one direction only,

and it can be classified as a unidirectional flow reactor. This reactor has
been selected as a model reactor of a complex behavior.

A mathematical expression for the kinetic rate (r) of 4-chlorophenol
mineralization for a simplified reaction mechanism of 29 elemental
stages was described for the TiO,/H,0, system with solar radiation
[9]. The main chemical species whose kinetic rates were determined
are hydrogen peroxide and total organic carbon. The 4-chlorophenol
mineralization by solar photocatalysis with TiO, and hydrogen perox-
ide was selected as a complex reaction model in order to apply the new
approach for reactor analysis.

The dimensionless continuity equation as a function of the Damkoéh-
ler’s number (Da) for a reaction that follows a kinetic given by a n-th
power law in unidirectional flow reactors was reported as dC ,/df =
—-0C 0z — EZDa ainter [10]1, where Da is the ratio of the reaction rate
to the global movement rate of the fluid, or alternatively, the product
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of the reaction rate and the residence time. Then, to the inlet condi-
tions: Day juier = =" g inter ™R/ CAiniriar- The solution of profiles of C, and
Day ;y,, in function of time and space, were useful for the design and
simulation of these reactors. However, many kinetic rates are more
complex and can experience fluctuations, as is the case of solar reactors.
The general expression for any kinetic expression with multiple reactive
species was reported as 0C, /ot = —dC, /0Z — Da; (z.1) [10], where Da, is
a function of space and time Da; = —r;(2,1) 7 /C; ;i1i- Generating one
partial differential equation (PDE) for each i-species.

There are different methods for solving PDEs. For example, a study
[11] on numerical analysis of the behavior of a homogeneous tubular
reactor in which a cubic autocatalytic reaction is coupled to diffusion
and convection transport described concentration profiles obtained by
numerical solution using the finite element, orthogonal collocation and
finite difference method. An industrial reactor was simulated by solv-
ing its PDEs with two spatial variables and one temporal using the
method of lines (MOL) in order to generate concentration, conversion
and temperature profiles [12]. These numerical methods use space dis-
cretization to transform the PDEs system into a larger ODEs system.
On the other hand, autocatalytic reactions have been modeled by the
Brusselator model and their solution was obtained by the Adomiam
decomposition method (ADM) deriving exact analytical solutions and
by obtaining analytical approximations with a high degree of accuracy
[13]. The techniques to solve a PDEs system are numerous [14] and we
exemplify only one particular technique in this study (orthogonal collo-
cation + ODE:s solver). We will focus mainly on the modeling that leads
to the desired dimensionless numbers in this study and the construction
of their profiles for a detailed analysis of the reactor rather than the
resolution methodology of PDEs, which can be modified to taste.

This study aims to indicate how to build the profiles of the Damkoh-
ler number of the main chemical species and show the usefulness of
these in the analysis of complex reactors, taking as a model the miner-
alization of 4 chlorophenol in a solar tubular reactor.

2. Methodology
2.1. New approach for the analysis of the behavior of reactors

The authors propose the construction of Damkohler number profiles
for each main reactive chemical species for the analysis of reactors and
complex reactions as follows. Starting from the mass conservation equa-
tion for a continuous medium, the simplifications that can be assumed
in the reactor are applied to generate a simplified continuity equation
(Fig. 1). On the other hand, on the reaction mechanism, considerations
of the rates are made in each stage and a mathematical expression
is constructed for the intrinsic reaction rate. This is replaced in the
simplified continuity equation to obtain the reactor design equation.
Fig. 1 describes the new proposal for reactor analysis by introducing a
Damkéhler number for each main species.

In order to illustrate the new methodology applied to a reactor
and complex reactions, the tubular solar reactor described in [9] was
selected. It considers complex operation conditions, and even perturba-
tions in time. The mineralization of 4-chlorophenol by heterogeneous
photocatalysis with suspended TiO, assisted with hydrogen peroxide
carried out in the previous reactor was selected as a model reaction to
illustrate the methodology.

The mathematical expression for the intrinsic reaction rates were
reported in [9] and the simplified continuity equation of the reactor
was derived in [10]. These results are collected before continuing with
the methodology as indicated in Fig. 1.

2.2. Dimensionless reactor design equation
The approach is based on the adimensionalization of the partial dif-

ferential equation of continuity by species expressed as a function of the
Damkohler number Da;, where it is variable in time and space.
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Fig. 1. Scheme of the methodology of mathematical modeling, simulation and
design of reactors in general and the new approach for the analysis of reactor
behavior.
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Fig. 2. Diagram of the dynamic reactive system.

Fig. 2 shows a schematic of the reactor in a recycle system. The
reactor is tubular with compound parabolic collectors CPCR, connected
to a recirculation tank and a feed pump to the reactor.

The following assumptions were taken into account. Let us consider
a unidirectional flow reactor on z-coordinate, in transient state, with
negligible diffusion, constant density and average velocity in z equal to
v (cms™!). The design equation in dimensionless variables under this
assumption is: C, /0t = —aC,/dz — Da,, see the derivation in [10]. For
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total organic carbon (substance A) and H,0, (substance B), the mass
balance equations within the reactor are expressed as follows (i = A, B):

aC, oC,

=——2_D ,t 1
5 oz a,(z,1) (€9)
ac oC
—_B =——_B — Dag(z,1) 2
ot 0z

where dimensionless variables are defined as follows:

C=C/Ciy 3)
z=z/Ly (€]
t=t/14 %)
Da; = —r;tg/Ciy (6)

where overline variables and Dag; are dimensionless. C; is the con-
centration of i-component (mol cm~3); C, is the initial concentration
of i-component (molcm™3); Ei is the dimensionless concentration of
i-component; Ly is the reactor length (cm); z is the length on z-
coordinate (cm); z is dimensionless z-coordinate; 7, is the mean res-
idence time inside the reactor (s); the mean residence time in a uni-
directional flow reactor is Ly /v; —r; is the local intrinsic reaction rate
of i (mol of i em™s™); D, (z,1) is the local Damk&hler number of i-
component (dimensionless); ¢ is the time (s); 7 is dimensionless time.

Without H,0, initial load (Cg = 0), then, the variables Cj and
Day are redefined as Cz= CB/Cgef, and Day = —rBrR/Cgef, where
Cgef is an any reference value (mol cm~3), the above does not affect it
because the limiting substance is A, and the conversion of the system is
measured with respect to A.

The boundary conditions for a perfectly mixed external tank without
chemical reaction are:

dEA 1 /= —
A =— (Chisey) = Cplou 7
di (=) Trx ( AE=1) A(Z_O)) @
dCp 1 (= —
—_— =—(Cg(z=1) — Cp(= 8
di |z=p) Trk ( B(E=1) B(Zfo)) ®

where 7, is the dimensionless residence time in the tank normalized

between the residence time of the reactor, T,k = 7px /Tr; Ci(z=0) and

Ci(z=1) are the dimensionless concentrations of i-component at the inlet
and outlet of the reactor respectively.
The initial conditions are:

EA(?=0) =1 (9)

= _ [ 1 with initial charge
Crii-0) = { 0 without initial charge (10)

2.3. Damkohler in photocatalytic reactors

We will consider the particular case of the following study. The
mineralization intrinsic kinetic rate of 4-chlorophenol (4-CP) in a pho-
tocatalytic reactor with suspended TiO, and H,0, was validated for
different geometries, substrates, operating conditions and solar radia-
tion. The expressions for kinetic rates were obtained from a simplified
set of 29 elemental reactions. Details of the proposed reaction mecha-
nism and analytical deduction of kinetic expression can be found in [9].
For A and B the reaction rates are:

—ra= \ Cmpsgkcat\/l_aZQA (11)

Z\2
_"B=\/CmpSgkcatWZ\/I—aQB'*'Squﬂ;-lO» (F) 12)
where
ﬁ/
0,=—+ 13)
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C
0p= ﬁBF 2 (14)
F=1+pCp+ PrnomCnomo (15)
Z=1+a,Cy e
W =1+ (ay/Bp) F/Z a7)
Ia = (LVRPA.voIar>Area (18)

where —r, is the photocatalytic kinetic rate of 4-CP mineralization
(molecm™3s71); p), is the global kinetic constant of hydroxyl radi-
cal attack to 4-CP at zero-order reaction rate respect to total or-
ganic carbon (TOC) (dimensionless); Cpp is the mass concentration
of catalyst (gem™); S, is the specific surface area of the catalyst
(cm?g~1); k,, is an intrinsic constant of surface reactions involving
hydroxyl radical generation, electron and hole capture, and recom-
bination (mol®® g0 cm=25703); I, is the average of local volumetric
rate of photon absorption LV RPA in the cross-section of the fluid
flow (Einsteincm™3s71); «, is the reaction constant of peroxide as an
acceptor of photogenerated electrons (cm?® mol~!); C; is the H,0, mo-
lar concentration (M); Cyop is the initial concentration of natural
organic matter NOM, different of 4-CP, measured as initial organic
carbon (M); Q4 is the mineralization quenching by H,0, and NOM;
pp and Pyom are the adsorption and degradation global constant of
H,0, and NOM respectively. The value of the kinetic constants is
[91: k.u = 6.57 x 1078 mol g*° cm~2 570 Einstein~%, a, = 0.127 M~!,
B0, =1.219x 107> mol g cm~> Einstein™!, fp =5.7508x10° M~, fyom =
16.88 M, and p, =5.71 x 1072 (dimensionless).

Replacing the photocatalytic reaction rate in Eq. (6), we express the
Damkohler number for a photocatalytic reactor:

DaA = < CmpSgkeat \/I_aZQA> TR/CA,O (19)

zZ 2

The variable parameters Da; grouped the optical and surface charac-
teristics of the catalyst, catalyst load, instantaneous radiation intensity,
the absorption rate of photons, rate of non-photochemical reactions, the
effect of hydrogen peroxide, the rate of reactions of different stages like
adsorption, attack of radicals, surface reactions, design variable like the
reactor volume, and operation variable like volumetric flow. All the ef-
fects are grouped in a single dimensionless parameter which allows to
study them for an analysis of the behavior of the reactor in a very easy
and convenient way.

2.4. LVRPA at solar CPC reactor

Due to the simplification of the reactor as a unidirectional reactor,
it is convenient to estimate the LV RPA (x,y, z,t) as an average value in
a cross section at distance z, (LV RPA (z,1)) greq-

For a solar reactor with a variable radiation intensity G
<LV RPAsolar>Area
follows [5]:

solar (t)’ the
at any time is calculated based on a reference state as

<LVRPARC’f >Area

<LVRPAsolar>Area = Gsolur (t) (21)

Gres

where (LVRPAg,;) . . is the (LVRPA),,,, evaluated at a constant
radiation intensity Gg, . The estimation of LV RP A,/ (x,y,z) in a CPC
reactor is complex, however, it has already been extensively investi-
gated. Three models are grouped together: a ray-tracing model to track
trajectories and incident energy at the reactor boundaries; the radiant
boundary layer model to determine the photon penetration length and
the radiant energy absorption-dispersion model to determine the ab-
sorbed energy profile along each path. Details are described in [5]. The
Eq. (21) is suitable to calculate the intensity of radiation absorbed at
any instant of time, this requires evaluating the (LV RPAg,,), only
once and to have registered the oscillations of solar radiation with a
radiometer.
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Fig. 3. Scheme of the normalized domain of reactor length.

2.5. Experimental conditions and chemical analysis

A recycling system was used with an external tank where the fluid is
saturated with air. The tubular solar reactor with compound parabolic
collectors CPCR has an irradiated area of 1.22 m?, an arrangement of
10 borosilicate tubes, a total length of 1220 c¢cm and an internal ra-
dius of 1.45 cm [6]. The mineralization of 4-chlorophenol (Merck), was
measured in total organic carbon TOC analyzer, Shimadzu TOC-VCPH.
Conditions: flow 332.5 cm?/s, mean residence time in the reactor 24.2
s, mean residence time in the tank 66.2 s, catalyst load of TiO, Evonik
P25 0.21 g/L, initial TOC concentration 1.32 x 10~ mol of C/cm? (28.3
ppm of 4-chlorophenol), natural organic matter NOM present in the
water of the pilot experiment (30 L) 3.6167 x 10~7 mol of C/cm?. The
radiant flux was recorded using a Delta Ohm with UV-A probe (315-400
nm) and the radiant flux between 280 and 315 nm was calculated using
a ratio of areas: one (1) under the radiation intensity curve of the Sim-
ple Model of the Atmospheric Radiative Transfer of Sunshine, SMARTS
[15] and the other area under the curve of the integration of radiation
in the UV-A region recorded experimentally [9].

The total organic carbon (TOC) was measured in a Shimadzu TOC-
VCPH Organic Carbon Analyzer with a non-dispersive infrared detector.
The H,0, concentration was measured by spectrophotometric measure-
ment of the yellow color intensity in H,O, solutions treated with a
titanium sulfate reagent, which was proposed by Eisenberg in 1943 [16]
and modified by Barona [17].

2.6. Ortogonal collocation method

The coupled system of PDEs (Egs. (1) and (2)) can be solved using
different methods: finite differences, method of lines MOL [18], orthog-
onal collocation method, among others. For the mentioned methods it is
possible to discretize the spatial variable and keep the temporal variable
as continuous. The orthogonal collocation method was selected because
it makes an approximation of the solution using a discretization of the
space (reactor length) in only 5 points.

The orthogonal collocation method [19] was applied to transform
the problem of solving two partial differential equation (PDE) for solv-
ing a system of ten ordinary differential equations (ODEs).

The reactor length is divided into orthogonal points (Fig. 3), where
z is normalized z = z/ L ;. Each point is understood as a node within the
orthogonal collocation method.

Let to define E,’m =C,(zZ=2z,.1) with m=1,2,3,4,5.

The PDEs (1) and (2), and the boundary conditions (7) and (8) are
rewritten as the following system of ODEs:

dC _ _
—:4,1=_L(CA,5—CA’1) (22)
dt TTK

dc _

% =—s@TC, ~ Day, (23)
- :

dc -

d—i” = —s3TC, - Da (24)
t

dc .

d—f’4 =—sWTc, - Dayy (25)
t

dc _

# = —s(5>TCA —Day ;s (26)

dt
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dCg,

1 — —
— = (CB,S - CB,I) (27)
dt TrK
dC _
d—fn =—sTCy - Dag, (28)
t
dc _
df” = —s3TCp — Dag (29)
t
dc .
d_i“ =—sWTCy - Dag, (30)
t
dcC _
d—f“ =—sOTCy - Dags (31)
t

with the initial condition for all points:

Cpm(izo) =1 (32)

with initial charge

— 1
Cm(i=0) = { 0 without initial charge (33)

where Da;,, = Da, (z,,.1) for i = A, B; for m=1,2,3,4,5. At Egs. (22)-
(31), the C, is the dimensionless concentration vector of the ith-
component at all orthogonal points and .S is the matrix of the orthog-
onal collocation method containing the coefficients of the first order
derivative. Note that the spatial derivative at a point z,, is a function of
the concentration at all orthogonal points. The éi vector and the matrix

of the first derivatives S are respectively:

Cit ]

_ | G2

¢ = Ci,3 (34)
Ei,4
Ci,S_
s —-13.00 1479 -2.67 188 —1.00

e 532 387 207 —129 0.68

S=|s® |=| 150 =323 000 323 =150 (35)
S@F —0.68 129 -207 -387 532
§O7 100 —-1.88 267 —1479 13.00

The system of 10 ordinary differential equations, Egs. (22)—(31), is
solved using the fourth order Runge Kutta method. Alternatively, the as-
built adaptive Runge Kutta (4,5) procedure in MATLAB Software named
as “ode45” can be used.

3. Results and discussion

Figs. 4, 5, 6 and 7 show the dynamic profiles of the reactor variables
during the mineralization of 4-chlorophenol in a tubular CPC reactor
(unidirectional flow reactor) on a sunny day with fluctuations in ra-
diation intensity. 30 L were treated with an initial concentration of
total organic carbon (component A) from the organic pollutant equal
to 2.82 x 107° mol de C/cm? (33.9 ppm) with an initial hydrogen per-
oxide load (component B) equal to 3.00 X 10~® mol/cm? (102.3 ppm)
and a total organic carbon from natural organic matter (NOM) of the
treatment water of 4.34 x 10~ mol de C/cm?. These values in units of
mol/cm? correspond to the initial conditions and are also used in the
definitions of Da, and Dap. The Figures are presented in dimension-
less time 7 = t/7y, where the mean residence time in the reactor was
24.57 s.

Da; (z,1) profile of the main species

Fig. 4 shows the dimensionless solar radiation intensity referred to
24 W/m? (I,) varying in time. It was calculated as the cumulative ir-
radiation measured during a time interval in between. On the right
vertical axis, the Da, is shown at each node within the reactor vary-
ing in time.
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Fig. 4. Da, profile and radiation intensity as a function of time between the
residence time of the reactor. The Da, (z,7) is shown for nodes located along
the z-axis according to Fig. 2.
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Fig. 5. Da, profile and radiation intensity as a function of time between the
residence time of the reactor. The Day (z,1) is shown for nodes located along
the z-axis.

The radiation intensity fluctuated with average values in intervals
from 7.9 W/m? to 11.7 W/m?2. Instantaneous changes in radiation
caused a pronounced variation in the Da, at any point within the
reactor. A study showed that an intrinsic mineralization kinetic, with
explicit photon absorption effect can satisfactorily describe the reactor
on sunny and cloudy days [6]. This result is consistent with the models
and methods used.

The Da, increased in the first time interval at constant solar radia-
tion intensity. Based on these and other simulation observations of the
model, it is concluded that Da, depends on the concentration of com-
ponents A, B and strongly on the instantaneous radiation intensity:

Da, = f (CA7CB’ ISalur) (36)

Fig. 5 shows the Daj as a function of time for each node on the right
vertical axis. The radiation intensity was also plotted to appreciate its
effect on Dag. As well as Da, a pronounced effect is evidenced for a
sudden change in intensity of solar radiation:

Dag = f, (Cy,Cp, Isorar) 37

The C,,Cy and Ig,,,. are strongly interrelated and depend on z and
t, and both continuity equations should be simultaneously solved:

oC, oC,

—— =——=—Da, (C4,Cp, I 38
5 oz aA( A LB Solar) (38)
aCgy  0Cy

—— =——— —Dag (C4,Cy, 1 39
0; 9z B( A B Solar) ( )

Isorar =130 (40)
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This conclusion can be reached based on the reaction rates of the
species, however, it is necessary to generate the profiles of Da, and Dayg
in z and ¢ in order to determine possible simplifications on the reaction
rates, appreciate the effect of the intensity of solar radiation, identify
the main chemical reactions that control the reactor in a given time
and space, chemical equilibria, formation and consumption of species
as will be discussed in the following sections.

Rigorous kinetic models for the degradation of 4-chlorophenol in
laboratory and bench scale reactors with recirculation and irradiated
with lamps were described [20]. Intrinsic reaction rates described the
dependence with the LVRPA, 4-chlorophenol concentration, and main
intermediates of degradation by coupled differential equations. The re-
ported kinetic parameters are not comparable with this study, since
they describe the degradation, and this study describes the mineraliza-
tion. However, there are similar dependencies.

The proposed methodology for the analysis of the reactive system
makes explicit the effect of a sudden change in intensity of solar radia-
tion on the Da; instantaneously.

Relative rates of hydroxyl radical attack

We will analyze the first time interval at constant solar radiation
intensity. Initially, the reactor was charged with H,0,. At initial con-
ditions the Da, had a minimum value of 3.19 x 10~ increasing to a
maximum value of 4.61 x 1073 in the first time interval (Fig. 4). Mean-
while, Day at the initial conditions is maximum with 9.06 x 1072 and
rapidly decays to 2.54 x 107> in the same time (Fig. 5). Both Da, and
Day are positive, therefore the consumption of them occurs simultane-
ously and competitively to react with the hydroxyl radicals, discussed
by [21, 22]:

HO' +H,0, — H,0 + HO;
HO' + R, — R,
HO" + NOM — R;

where R; represents an organic substrate, R; represent degradation
by-products and NOM is the natural organic matter present in the treat-
ment water.

Furthermore, following Le Chételier’s principle, in excess of H,0,,
the consumption of H,0, is favored by the following reaction:

TiV —H,0, + ¢~ = Ti'¥ —HO" + OH~

The high Day at the beginning of the reaction indicates a high rate
of consumption of B, that decreases as B is consumed, and simultane-
ously increases the degradation reaction of A by radical attack, increas-
ing the Da,. This dynamic relationship results in a complex system.
Also, there are related adsorption stages on the surface that are consid-
ered in equilibrium because they occur very quickly, and are taken into
account in the kinetic model [9].

The methodology established a complex dynamic relationship be-
tween the Damkohler number of the species, characterized by its com-
plex reaction mechanism. The Damkohler numbers of the species can
be used to identify when the reactions favor the formation or consump-
tion of H,O, by the hydroxyl radical according to the sign of Dag, and
quantify it by its magnitude as a dimensionless parameter. The reaction
rate profiles are commonly described with dependence on its units [23,
24], being less suitable for an reactor analysis respect to one based on
the dimensionless Da;.

Effect of radiation fluctuation

The reaction rate of A explicitly leads to Da, m, consistent
with [6, 25], it explains the changes of Da, in the event of sudden
changes on the radiation intensity in the Fig. 4:

DaAl — <ISolar1 >O'5 (41)

Day, Iso1ar2
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In contrast, the relationship between radiation intensity and Dag
is not simple. A sudden decrease in radiation intensity increases Dayg,
accelerating the consumption rate of B. On the contrary, a sudden in-
crease in radiation intensity generates high negative values of Day, so,
it accelerates the formation rate of B.

Here the reactions of consumption and formation of B play an im-
portant and complex role. On the one hand, the formation of B is due to
the increase in the intensity of solar radiation, as show the Fig. 4, then,
the produced holes and HO* radicals increase and the last ones react to
form H,0, [21, 22]:

@rio, K

TiO,+hv = e +h"

TiV —OH™ + h* = Ti"Y —HO*
HO® + HO' — H,0,

On the other hand, a steady state is disturbed by the sudden de-
crease in radiation intensity. The concentration of hydroxyl radicals (it
was estimated from an equilibrium with the radiation intensity) de-
creases instantly, and the rate of formation becomes slower than that of
consumption of B, therefore, the net reaction rate is consumption by B:

Ti"V ~H,0, + e~ = Ti'¥ —HO" + OH~
HO" + H,0, — H,0 + HO;

Chemical equilibrium

The above reactions are dynamic and fast. In the Fig. 5 constant
segments of Day are equal to zero, here the rates of formation and con-
sumption of B have been equalized and the concentrations of the species
of the reactions involved reach their equilibrium concentration. These
equilibria are disturbed by radiation intensity, producing a new equi-
librium concentration of B. An increase in radiation intensity produces
a higher concentration of radicals and a higher concentration of B at
equilibrium.

_ [HZOZ] Eq
- [HO* (Gso1ar)] Eq

The profile of Day in the time allowed to identify consumption,
equilibrium and formation of B during the reaction. Substance A is al-
ways consumed, consistent with a mineralization reaction.

The sign of Da; indicates consumption, formation or equilibrium of
species for positive, negative and zero values respectively. The magni-
tude of Da; is a measure of the rate of each of these reactions.

The analysis made previously is at least difficult to conclude from
the concentration profiles, which makes the profiles of the Damkoh-
ler number of the species a complementary tool for the analysis and
compression of the reactive system. For all the above, the Damkohler
number profiles are a tool for the analysis of complex reactors that com-
plement the well-known concentration profiles.

Eq (42)

Dimensionless concentration profiles

Fig. 6 shows the dimensionless concentration profiles of A and B
over time at each node. The experimental data is presented in black
diamonds and red squares for A and B respectively.

The C 4z, D)y EB (z,t) are shown for nodes located along the z-axis.
The black and red marks represent experimental data of concentration
of A and B respectively.

The zoom-up in Fig. 6 shows the concentrations of H,0, in equi-
librium that were obtained in the reaction for different intensities of
radiation. In chronological order they were: 1.54, 1.37, 1.30 and 1.50
ppm of H,0,.

The kinetic rates of the reported mathematical model were used
exclusively for simulation. The reported and adjusted model has a stan-
dard deviation of 1.30 ppm [9]. This is an acceptable fit to the experi-
mental data.
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Fig. 6. Profile of 4-chlorophenol mineralization in a solar tubular unidirectional
reactor.

Quenching

The concentration of A in Fig. 6 starts with a very small slope,
which indicates negligible degradation of A at the start of the reac-
tion. The concentration profiles allow to appreciate quenching effects
on the degradation of A by initial excess of B [26], as expressed by the
term Q, of the reaction rate of A [9]:

_ kaCy
a+ky Cy+kgCp+ knomCnonmo

(O (43)
For a load in excess of H,0,, the denominator is high and decreases

as B is consumed. Q4, —r4 and Da, are initially low and they increase

progressively. The rate with which these events occur depends on the

apparent reaction constants a, k4, kg, kyoy Which include rate con-

stants of the hydroxyl radical attack steps described above, and of the

adsorption steps on the surface [9]:

8 itV o

K
Site+ A = A,ads

v Kip0, 2%

Ti'" + H,0, = Ti'" - H,0,
. Knom 1y

Site+ NOM = Ti"" —NOM

These reactions were assumed to be fast enough to be described at
any moment by equilibrium.

In conclusion, Da, includes the quenching effects due to the ad-
sorption and hydroxyl radical attacks described by complex expressions
of reaction rate. Likewise, this approach can be extended to Langmuir
Hinshelwood or other kinetic rates.

Interpretation of Da,

The variable parameter Da, groups together the effects of the opti-
cal and surface properties of the catalyst, the load of the catalyst, the
intensity of radiation fed to the system, the rate of absorption of photons
by the catalyst, the effect of hydrogen peroxide, the rate of reactions of
different stages and design variables, geometry and flow grouped in the
mean residence time in the reactor, and the initial concentration of the
system:

Day =1/CpySekey VLV RPA (1 + a3 [Hy,0,]) Q475/CY (44)

The term +/C,,,S, k., is exclusive of the catalyst effect. A higher
specific surface area S, increases the adsorption rate on TiO, surface
[27]. k., relates hydroxyl radical formation, electron-hole pair forma-
tion and recombination, all these reactions are charge transfer reactions
that occur on the catalyst surface:

Ti"V—=OH™ +h* =2 TilV —HO"

TiV —H,0 + h* = Ti"Y —HO" + H*
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e~ + ht — heat
(IJT,OZK
TiO,+hv = e +h"

A high k., indicates efficiency of surface reactions. k , and S, can
be modified by catalyst synthesis [28]. The C,,, increases \/C_mp, but an
excess presents a limitation on the transport and absorption of photons
inside the reactor [29], affecting Da .

The effect of H,0, is a matter of discussion because it accelerates
competitive reactions while improving the capture of photogenerated
electrons [21]:

TiV —H,0, + ¢~ = TilV —HO" + OH~

Natural organic matter (NOM) reacts with hydroxyl radicals and
quenches the reaction [26] as expressed by quenching Q,, Egs. (13)
and (15). Ultra clean water from laboratory removes the NOM, how-
ever, in a real case of water treatment it is mandatory to consider the
limitation of the reaction by NOM.

Therefore, all the researchers who work in the area of photocatalysis
from different specific fields are directly working to improve the Da,,
either from the synthesis of catalysts [30], modification of catalysts,
broadening the spectrum of absorption [31], reactor geometry [32, 33],
hydrodynamics of reactors and CFD [3], design of new reactors such as
microreactors [34], development of new applications, or evaluation of
other contaminants and mixtures. This parameter (Da,) becomes a key
element in the development of technology.

Design volume and solar or artificial light Intensity

The improvement of technology for use in treatment of higher flows
requires increases of one or several orders of Da, magnitude. Since
Day « +\/I,,... Where I, ... can be natural or artificial, an increase of
one or two orders of magnitude in the Da, will require an increase in
the I,,,.c. of 100 and 10* times respectively. Then, increasing the ra-
diation intensity as an alternative to increase Da, becomes unfeasible.
This is a technical and economic problem in the photoreactor design.

On the contrary, Da, is proportional to the mean residence time.
This variable is easy to control by modifying the operating flow, esti-
mating the new design volume of a reactor, or both, ensuring a fully
developed turbulent flow to suspend the TiO, [35]. Also, it is possible
to add baffles or longer fluid path through tubes [3, 33]. A lower vol-
umetric flow Q increases both the mean residence time and Da,. An
interesting limiting case is when a batch reactor is used, the average
residence time is equal to the duration of the operation and it can be
increased several orders of magnitude for artificial radiation.

Therefore, to improve the performance of the reactor in a scaling-
up of the technology for the treatment of higher flows, the operating
volumetric flow can be modified, a design volume of the reactor can be
estimated or the radiation source can be varied according to:

DaA & Vdesign V Isource/Q (45)

For the scaling-up of the reactor, a constant Da, must be guaranteed
(Eq. (45)), in order to keep the conversion.

When applying dimensionless variables to the system, the (absolute)
variables of design, operation and reaction rate are grouped within Da,
and the external recirculation circuit in the boundary condition. This
result is general for any reaction in a unidirectional flow reactor, even
for systems described with variable Da. Due to these characteristics, this
dimensionless design equation methodology can be extended to other
reactive systems by redefining the specific expression for Da.

Relationship between Damkohler and conversion

Figs. 7a-c show the dynamic variables during 4-Chlorophenol miner-
alization and simulated and experimental conversion (X). Figs. 7a and
7b are experiments without an initial load of B, with (1.32 and 2.77)
x 107 initial mol of C/cm?; 7y =24.24 s, 24.57 s and NOM of (3.71
and 3.23) x 1077 initial mol of C/cm? respectively. The run in Fig. 7c
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Fig. 7. Conversion (X) as a function of dynamic variables in the mineralization
of 4-chlorophenol at different radiation and operating conditions. A) no initial
charge of B, with 15.85 ppm of A, b) no initial charge of B, with 33.3 ppm of
A, ¢) initial charge of B of 52.38 ppm, with 15.97 ppm of A. The black circles
represent the experimental conversion.

has an initial charge of B of 1.54 x 10~° mol of B/cm?, with 1.33 x 107°
mol of C/cm? from A, 4.24 x 1077 initial mol of C/cm? from NOM and
Tp =26.42 s. Each run was performed on different days, with radiation
intensities as illustrated in the yellow lines. The black circles are exper-
imental data of the conversion taken from samples at the outlet of the
reactor. The Damkdhler numbers Da, and Day are read from the right
vertical axis, all other variables are read from the left.

Although the variables are dynamic in time and describe a complex
system, mathematically, it can be seen that the highest conversion was
obtained for the highest Da,, higher time of integration on the partial
differential equations that describe the changes in concentration in the
reactor. In practical terms, the highest conversion is obtained at a higher
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reaction rate, longer mean residence time, lower initial concentration,
and longer operating time.

The methodology suggests obtaining the profiles of Da;, and con-
version vs dimensionless time (7). We appreciate that they allow a more
complete analysis than the profile of reaction rates and concentrations
vs time in dimensional variables. The methodology can be extended to
more than two main species.

4. Conclusions

A new approach to the analysis of the behavior of reactors was pro-
posed and validated for a model reaction. The novelty of this work is
based on the formulation of reactor modeling in local dimensionless
numbers that group all the operating conditions, catalyst characteris-
tics, reaction rates for a mechanism with photochemical and chemical
reactions.

The proposed approach is based on a local dimensionless number as
a function of time for each main chemical species (Damkohler’s num-
ber, Dg;). This parameter is present in the dimensionless continuity
equations that describe the transient behavior of the reactor. The di-
mensionless profiles presented by the approach allow an analysis that
shows many advantages in respect to the modeling in dimensional vari-
ables. The conversion was determined as a function of the Dg; in a
continuous tubular solar reactor as model reactor.

The parameter Dq; grouped together the effects of the optical and
surface characteristics of the catalyst, catalyst load, fluctuating radiant
flux, the rate of absorption of photons, the effect of hydrogen peroxide,
the rate of reactions of different stages, and design and operation vari-
ables. This work proposed to graph the Da; profiles vs dimensionless
time as a tool for the analysis of the behavior of a complex reac-
tor. The sign of Da; of each species indicated formation, consumption
or equilibrium concentrations with positive, negative and zero values
respectively, and the magnitude indicated the dimensionless reaction
rate.

The new approach allowed to analyze a complex dynamic system
with competitive reactions, fluctuating radiation intensities, synergistic
reaction, site adsorption, chemical and photochemical reaction in the
reaction mechanism, quenching effects and photon transport.

For the scaling of the process, it was concluded that, it is possible
to modify the operating volumetric flow, to estimate design volume of
a new reactor or to modify the radiation source according to Da,
VaesignV Lsource/ Q> keeping Da, and other conditions constant.

For the scaling-up of the process, it was concluded that, it is possible
to modify the operating volumetric flow, to estimate the design volume
of a new reactor or to modify the radiation source according to Da,
VaesignV Lsource/ Q> keeping Da, and other conditions constant.

The approach can be extended to other reactive systems by redefin-
ing the specific expression for Da;. The Langmuir Hinshelwood-type
kinetic rates and multiple species can be adapted.
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