% Chemical
Engineering
Journal

ELSEVIER Chemical Engineering Journal 109 (2005) 67-81

www.elsevier.com/locate/cej

The extended use of actinometry in the interpretation of
photochemical reaction engineering data

Cristina S. Zalazar, Marisol D. Labas, Carlos A. MayRodolfo J. Brandi,
Orlando M. Alfano, Alberto E. Cassario

INTEC, Universidad Nacional del Litoral and CONICETu@tes 3450, (3000) Santa Fe., Argentina
Received 27 December 2004; received in revised form 14 March 2005; accepted 15 March 2005

Abstract

Actinometry is an old and useful method developed in the chemistry field to estimate the amount of photons entering and being absorbed
in a reaction cell filled with a well-known reacting system. As itis usually used it is of reduced suitability for intrinsic kinetic studies aimed at
scaling-up purposes. However, in photochemical reaction engineering analysis it can be of invaluable help if itis properly applied to accurately
calculate the boundary condition that is needed to solve the radiative transfer equation in laboratory photochemical reactors dedicated to obtain
intrinsic kinetic parameters.

This contribution shows the way that actinometric measurements can be used as one of the most precise and simple methods to estimate
the above mentioned boundary condition for both homogeneous and heterogeneous systems, an indispensable parameter to calculate witl
precise models based in the general radiation transport equation, the light distribution inside the reaction space. This local property is needed
to formulate the initiation step of any photochemical reaction scheme when operation is made in the kinetic control regime. Consequently it
will be always included in any properly developed complete reaction kinetic model. The proposed extended application is illustrated with one
example employing a reactor used in photocatalytic reactions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Actinometry; Potassium ferrioxalate; Photochemical reaction; Photoreactor modelling

1. Introduction and almost independent of any other physico-chemical vari-
able, including, to some extent, temperature. Thus, in general
More than 70 year ago research in photochemistry hasone can write to describe the rate of an actinometric reaction
introduced a very powerful tool with the name of actinome- the following general equation:
try. It consists in the use a well-known and simple chemical

reaction — an actinometric reaction — with the ability to vir- C1<C=<(C
tually “titrate” the number of photons that can be potentially AC < ACiixed
absorbed in a given experimental apparatus. The idea be-RxAct(¥, 1) = vact®Pa Acte] act(X: 1) T <T <T
hind the method is that knowing the change in concentration 1=1=1"2
of the employed reactant or the developed product after a M=A=h2
known time of irradiation, one can work backwards to cal- ®; act known
culate how many photons had entered the reactor to produce

foreach 1)

such result. In kinetics terms, under restricted concentrations _
and operating conditions, the rate of the employed reaction is giveni
exclusively a direct function of the rate of photon absorption

The stoichiometric coefficientyact, in the most typ-

* Corresponding author. Tel.: +54 342 4559176; fax: +54 342 4559185, ICal cases takes on the value #fl depending upon the
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Nomenclature

zr ~N—TTSEO MM Q0>

=
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Greek letters

o

1) Dirac function

¢ spherical coordinate [rad]

@ overall quantum yield for the actinometer
[mole einstein?]

K volumetric absorption coefficient [cm]

A wavelength [nm]

n cosf, dimensionless

v frequency [51] or stoichiometric coefficient,
dimensionless

0 spherical coordinate [rad]

o volumetric scattering coefficient [cm]

£ solid angle [sr]

2 unit vector in the direction of propagation o
radiation

Subscripts

Abs relative to absorbed

Act relative to the actinometer

Ox relative to the uranyl oxalate actinometer

k relative to speciek

R relative to the reactor

T denotes total

Tot denotes total in optical properties

Tk relative to the tank

area [crd]

concentration [mole crr]

local volumetric rate of photon absorption [ein
stein cmm3s71]

radiant power [einsteirns]

spectral distribution of the output power from
the lamp

incident radiation [einsteirrs cm~2]

Plank’s constant [erg s]

unit vector in the direction of the coordinate
specific intensity [einstein cnf s~ 1sr 1]
especial specific intensity for single directiona
irradiation [einstein cm?s™1sr1]
length [cm]

total number of photons

number of moles of actinometer reactant ¢
product

reaction rate [molest cm™2]

linear coordinate [cm]

temperature [K]

time [s]

volume [cn¥]

rectangular Cartesian coordinate [cm]
position vector [cm]

molar Naperian absorptivity [cfmole 1]

=

relative to the wall of the reactor
dependence on wavelength

relative to the direction of propagation
initial condition

on > <

Superscripts
0 relative to the surface of radiation entrance or
initial condition

Special symbol
=] indicates “has unit of”
— means average over wavelengths

proportionality constant known as “overall quantum yield”,
@, act, is a function of wavelength but fairly constant within
the prescribed ranges of concentrations, concentration
changes and temperatures. Moreover, in some cases, the
quantum yield is a weak function of wavelength and, in a
first approximation, it could be possible (but not necessary)
to work with an average value @b for the whole range

of Ax where the actinometer absorbs radiatigh(y, r) is

the local volumetric rate of photon absorption (LVRPA),

a function of wavelength and the concentration of all the
radiation absorbing species present in the reaction space. In
summary, under some unambiguously restricted experimen-
tal conditions, the reaction rate is a function of wavelength
and the photon absorption rate as well as the typical spatial
and temporal variables. There is no direct dependence on
concentrations if, preserving the limits set for the operating
conditions, those affecting the valuedjfare not considered.

Itis clear that, in principle, if we can calculaig act(x, f)
from experimentally measured concentrations as a function
of time, we should be able to calculatf{x, r) and with some
additional work calculate the number of photons absorbed by
the actinometer.

Many actinometric reactions have been proposed on ac-
count that there have been several objectives to accomplish,
namely: (i) to use a simple and very reproducible reaction,
(ii) to have a reaction with a well known quantum yield fairly
constant in a defined range (sometimes narrow) of concen-
trations and temperatures (iii) to search for a tool covering
different ranges of wavelengths, (iv) to carry out an inten-
sive exploration for experimental conditions where a simple
method to interpret the experimental data can be used and (v)
to seek for reactions that can be used for liquid and gaseous
systems.

Research in the chemistry field as reported for example
by Noyes and Leightofi], Calvert and Pitt§2], Rabek3],
Braun et al[4] and Murov et al[5], has solved most of these
guestions with very clever experimental proposals. Tribute
should be paid to the original contributions to the two most
commonly employed systems with this purpose in the work
precisely described by Leighton and Forljgs Parkhurst
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Brackett Jr. and Forbgg], Forbes and Heidi8], Volman 1. To work under conditions of complete radiation absorp-
and Seed9] and Heidt et al[10] for the uranyl oxalate de- tion in all wavelengths. Then, all the arriving photons are
composition and Parkgt 1], Hatchard and Parkét2] and counted.

Lee and Seligefl3] for the potassium ferrioxalate reaction. 2. Towork with very small conversions. Then, from the radi-
Up to 1992, according to the Handbook published by Murov ~ ation absorption point of view, the reactant concentration
et al.[5], 24 different reactions had been proposed with acti-  can be assumed constant and equal to the initial one and
nometric purposes. In spite of it, the uranyl oxalate and the  the possible effect on the radiation field resulting from
potassium ferrioxalate, particularly the last, remain the most  absorption by the reaction products does not need to be
widely used. Essentially, under restricted concentrations and  taken into account.

temperatures, the overall result of these two reactions is de-3. For polychromatic radiation, to use an average overall

scribed as follows: guantum yield. Additionally, implicitly, the changes in
hvi<hv<hvy the value of the reactant absorption coefficient with wave-
H2C204 (LEZ) H20 +CO; + CO length are ignored and overcome with the requirement of
2

complete absorption at all wavelengths.

Pox = Pox(*) (2) _ _ _ _

' . _ ~ Sometimes, searching for more accurate information, to
In this reaction the uranyl ion acts as a photosensitizer (it is calculate the radiation entering the reaction cell and account-
the main radiation absorbing species but is not consumed)ing for an incomplete radiation absorption in the existing

and the decomposition of the oxalic acid is usually followed optical thickness, the following equation has been proposed
by measuring its concentration before and after reaction with [2,4]:

potassium permanganate titrations. The second and by far the

most frequently employed actinometer is: Noss = [ni(t = 1) — ni(t = 0)]
va<hv<hv, ’ 5 1 - —(x C L
2R 4 Cr08 mashishv pe 21 900, wAct! {1 — exp— (@ act)CactL]}
[=] einstein st (5)

Pper = Pre+ (1) 3)
In this equationd; act)CactL is the optical thickness of the
The amount of ferrous ion produced is measured via Spec_CeII. Once more, this equation is strictly valid for monochro-
trophotometric measurement of the concentration of a com- matic radiation, particularly because the incompleteness of
plex formed with 1,10 phenanthroline at 510 nm. radiation absorption may be a strong function of wavelength
Most of the literature in the chemistry field concentrates in @nd the use of an average value of the quantumyyield is usually
the description of the experimental conditions under which, &n approximation. There is a singular exception to these —in
using polychromatic radiation, the rate of the number of pho- OUr opinion —very practical but oversimplified ways of inter-
tons entering the reaction vessel (and under those conditionsPreting actinometric data and can be found in the contribution

effectively absorbed by the actinometer) is: by Braun et al[4]. Notwithstanding that finally, when the ex-
perimental techniques are discussed, after setting the required
Ny, = [ni(z =l_) —n;(t = 0)] [=] einstein st @) operating precautions and special warnings concerning poly-
D; Actt chromatic experiments, it is proposed the use of an equations

very similar to Eqs(4) or (5), the whole proposal of acti-
nometer procedures is preceded by a more careful analysis
of different possible alternatives under which the experiment
can be performed. In this contribution, among the different
discussed cases, a more detailed analysis is made, for exam-
ple, of the particular condition when the concentration of the

Strictly speaking, an equation such as E.should be
applied only for monochromatic radiation because absorp-
tion by the reactant (the reaction activation) and the quantum
yield are not independent of wavelength. Consequently,
its use may be restricted to a small wavelength interval or
considered an approximation when used for wider poly- actinometer changes along the reaction evolution.

chromatic radiation fields (Note that in E@) ®;_act is an Equations such a@) and(5) are mainly used in two dif-
average value over wavelengths if polychromatic radiation ferent forms:

is used). In spite of it, the value obtained from E4) is

sometimes used to directly calculate the available photonsy. The absorbed photons resulting from E4) are trans-

for the reaction under study (different from the actinometric formed into an intensive property dividing the result by
one), particularly when using an actinometer that absorbs in  the reactor volume. The resulting value is directly used
arange of wavelengths very similar to the one corresponding  in the investigated system under the assumption that the
to the investigated reaction. A wide Variety of experimental same number of guanta per unit reactor volume will be
techniques and operating restrictions have been described ahsorbed in one (that is being studied) and the other (the
to circumvent some of the difficulties associated with the actinometric) system.

quality of the results derived from the use of this very simple 2. Eq.(5) is used as a sort of boundary condition and the
and practical expressidfi-5]. The most important are: photons to be absorbed in the system under study are
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calculated according to:

NG (6)
In Eq. (6) o, andC; are the absorption coefficient and the
concentration of the radiation absorbing species in the spe-
cific reaction under study for which the actinometric data
(No,y-5) were obtained. Once more the intensive character
of the result is obtained dividing by the reactor volume. In
other occasions equations such(asand(6) are written in
terms of radiation fluxes (having units of einsteincis 1)
dividing by the reactor window area. In these cases, after ap-
plication of an equation analogous to K@), the volumetric
rates are obtained dividing by the length of the reaction cell.

Using these equations, in all cases, more often than not,
the data obtained from these global values of the photonic
absorption rates are used in kinetic models, ignoring that

= No y 1[1 — exp(—a; C; L)]

these models always ask for point values of this function ™

because the kinetic expression of any reaction should be
written in local terms due to the intrinsic non uniformities
of the existing radiation field.

2. A more rigourous and extensive approach

So far, one can see that several components of the
reaction analysis have not been properly accounted for to
obtain precise and meaningful values if the actinometric
information is to be used with the objective of reaching an
intrinsic quantitative kinetic result. Some of them have been
treated with approximations and others with sometimes
unnecessary restrictions in the experimental conditions.
It is also important to realize that usually the used data
correspond to global values for the whole reactor that are
turned intensive in a very crude manner.

Perhaps, what is even more significant is the fact that acti- 9.

nometry is a much powerful tool if the experimental data are
analyzedinamore precise way with some procedures derived
from chemical reaction engineering analysis.

Conventional homogeneous actinometry without the help
of photoreactor mathematical modeling does not account for
the following points:

7.
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kinetic models corresponds to local values; i.e., there are
derived for a set of radiation absorption rates at each point
inside the reactor, particularly because the radiation field
is intrinsically non uniform; i.e., there is a whole field of

reaction rates at each position inside the reaction space.

3. The need to use a proper averaging procedure of the ki-

netic model (the reaction rate) to analyze the experimental
data that, by definition, in a well-mixed reactor, represent
the result of the whole space having different local rates.
Since it is almost impossible to have an isoactinic reactor
(the analogous to an isothermal reactor in thermal kinet-
ics) the non uniformities must be properly accounted for.

Note that the differences in mixing and radiation transport

characteristic times makes impossible to have a uniform
radiation field when absorption and some times geomet-
rical effects are present.

A precise consideration of polychromatic radiation that is

the normal case in practical applications.

5. Aprecise account of reactant uneven radiation absorption

at different wavelengths.

. A precise use of the actinometer even if it does not com-

pletely absorbs all the arriving radiation in all the involved
wavelengths of the experimental device.

A precise analysis of the results if the reaction is carried
out beyond a very small initial conversion of the reactant;
i.e., ifthe changes in concentration of reactant and product
are not negligible.

8. The way that homogeneous actinometry can be very

useful even in heterogeneous photoreactor kinetics stud-
ies. Conventional homogeneous actinometric methods
cannot account for radiation scattering, but actinometry
is still the best method to know the boundary condition of
the Radiative Transfer Equation (RTE) for heterogeneous
systems in laboratory reactors.

The way by which actinometric results obtained employ-
ing a lamp with a wide range of emission wavelengths
(for example from 200 to 600 nm) can be used in a much
restricted range of radiation absorption by the reactant
(for example in photocatalysis with titanium dioxide,
absorbing from 200 to 390 nm).

We think that actinometry is a very important tool in

1. The ignored caution that, truly speaking, all these equa- laboratory photochemical work but, at the same time that nor-
tions are valid for one-dimensional attenuation; i.e. they mally, its potentialities are not fully exploited to provide very
can be applied, for example, to a collimated, parallel beam useful and precise information. In our work we have been
of radiation or special reactor arrangements where one-using actinometric measurements very often but with a single
dimensional models can be used (when the resulting ra- purpose: to know the absolute value and spectral distribution
diation field is a function of a single coordinate along the of the incident radiation arriving at the reactor window of ra-
penetration depth of the reactor). Sometimes, the radia-diation entrance (the boundary condition of RTE). With this
tion field may have significant gradients in more than one information, then we solve the RTE inside the reaction space
direction and consequently the radiative transfer equation and we never need to make any sort of approximate extrapo-

is, at least in principle, three-dimensional.

lation of the total radiation absorbed by the actinometer to a

2. The inappropriateness of the way used to derive intensivedifferent reacting system (homogeneous or heterogeneous).
properties from global values and the direct use of these Similarly, there is no need to obtain intensive properties of
resultsin kinetic studies. This procedure does nottake into the photon absorption rate employing an approximation,
account that the whole set of variables employed to build before introducing the LVRPA into de kinetic model.
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The actinometric result obtained with the appropriate Intensity[15]:
experiments and a precise interpretation of the data usually

provide an exact boundary condition for the solution of the Ig,(x,1) = lim ( dE, >
RTE in the reaction cell and this is, in our opinion, the most dadedidi—~0 \ dAcos) dg2 dr da
important application of actinometry in reaction kinetics. [=] einstein cr2srls? @)

We add to this analysis a method to account explicitly and
more exactly for polychromatic irradiation. From this type of o _
information we can provide an answer to all the above listed ~ Hence, the Radiation Intensity depends not only on po-

problems. sition and time, but also on the wavelengthaboutx (that
However, there are some questions that obviously acti- determine the energy of the transported photon) and direction
nometry cannot solve: characterized by the differential solid angle of directiofis d

about the propagating directigd. With this definition, the

1. To provide information about the said boundary condition RTE in homogeneous and non emitting media is written as:

if the employed actinometer does not absorbs radiation in dI, o(x, 1)
the complete wavelength range of interest. AL —(x, ), ox. 1) (8)
2. To be used in models when it is necessary to consider ds

the whole angular space of directions of radiation propa-

gation because it does not provide information about the 3 - e gimensional, single direction radiation

direction of the incoming rays. Directions of incidence transport

can be obtained from radiation emission mod&4. In
these cases, actinometer data can be used to verify the pre- Strictly speaking, only collimated (parallel) light beams

dicted, averaged value of the incident radiation (calculated can be safely modeled as one-dimensional and single direc-
over the total area of the windows of radiation entrance) yjona| systems. In this case, one needs a special definition

a”‘?' indirectly vaI|<_jate the results O,f t_he emission model. of the light intensity to restrict the direction of propagation
This procedure, with more or Iess difficulties, can be done to a single direction — i) that coincides with one of the
regardless the geometry of the involved reactor. spatial coordinates. Heras the unit vector in the direction

of the x coordinate. Then, for a one-dimensional and single

.It IS Important to note that for _photore.actor design, in girectional model, the corresponding value of the intensity is
principle, we can never use actinometric measurements . .4 from:

because the reactor has not been constructed yet and, con- B
sequently, measurements cannot be made. In this case, oné,_ o (x, 1) = I (x, 1) 8(£2 — i) 9)
must resort to emission models for the lamps and eventually — ~

reflectors[14] but unfortunately in this case one must rely  Whered, the Dirac function is defined as:

on the information provided by the lamp’s manufacturer Q
concerning the total output power of the lamp and the /8(9—1’) do =1 for @ =i
spectral distribution of this output. When this information § = S T (20)

exists and the quality control of the lamp production is 0

trustable, three-dimensional emission models are quite

reliable. Matter-of-factly one can use especial actinometer |, this case:
devices to measure the lamp output if the manufacturer's _ . _ ISP . .
information is not reliable, but carefully interpreted photo- £.(x,#)[=] einstein cm“s™~ with §(2 —i)[=] sr
hmet(r:;cfmelaséurements are_5|mpler and faster. On_the other The next important property in photochemistry is the in-
hand, for laboratory experiments, we can use actinometers.;jant radiation that is defined as:

in a practical and accurate way and the only information that

is needed is the quantitative spectral distributipn _(percentageGA(,_C’ ) :/ I, o(x. nd2[=] einstein cm2s™t  (11)

or absolute) of the lamp output power (the emission curve or 2 7

the emission lines). The method is facilitated even more if g, gives, at any point, all the radiation contributions from the

the total output power of the lamp is also accurately known. \yhole space of directions. For one-dimensional and single
Although we will show how actinometers can be used jrectional irradiation, Eq(11) results:

in heterogeneous systems, they are homogeneous reactions.

Co.nsequentlly we will make use of the RTE without scat- @, (x, 1) =/ To(x, )8(2 — )dR2 = T, (x, t)/ 5(2 — i)ds2

tering. We will also always consider that inside the reaction Q 2

space there is no radiation emission. —T(x. 1) (12)
The characteristics of radiation transport can be more eas-

ily seen from the definition of the fundamental quantity of The incident radiation is equal to the special (one-directional)

the radiation field: the Spectral (monochromatic) Radiation specific intensity.

0 for2 +#£1i



72 C.S. Zalazar et al. / Chemical Engineering Journal 109 (2005) 67-81

Up to now we have introduced one simplification: It must be clearly remarked that in most of the reactor
one-dimensional, single directional definitions and one configurations (and almost always necessarily in heteroge-
deliberate restriction: monochromaticity. We will deal with neous systems where scattering is present) radiation trans-
polychromatic light further ahead. At present the question port is two-directional. In this particular contribution we are
may be: Is the simplification an insurmountable difficulty that describing a very special type of reactor that is of general
in practical terms can only be achieved with a complex train validity only for laboratory experiments and devices of the
of optical devices to collimate the radiation beams? Alfano type described below.
et al.[16-18] have shown that with the proper geometry and
dimensions, a very good approximation to a one-dimensional
radiation field can be achieved with a tubular lamp placed
at the focal axis of a good quality parabolic reflector. When

reflected radiation is sigpificantly larger than dirept radiation Actinometers are homogeneous reactions. Thus, unless a
”‘?m thg lamp, ata position separated a few cenumgtgrs fr,omdifferent situation is specified, we will be considering only
this device, the center part of the so generated radiation f'eldabsorption. For the one-dimensional, single directional case
is almost independent of the radial and angular coordinates., o BTE results:

It will experience changes only along the distance traveled

inside the reaction space when the reactor is placed per—de(X’ 1 = — 165 Tot(x, )G (x, 1) (14)
pendicular to the direction of the outgoing radiation beams dx P TORD AR

(Fig. 1). This reactor may be considered a pseudo-one direc-| et us now consider the case of one actinometer and make
tional device. For laboratory reactors this is a very practical oyr exemplification with the potassium ferrioxalate reaction.

design for either homogeneous or heterogeneous systéM$ntegrating Eq(14) and combining with Eq(13):
even if for the second case some modifications may be ad-

visable to simplify the solution of the required mathematical
modeling. For both cases, the reactor, that could be a cylinderef, (x, )| pey = 2.j(x. )Gr.weXp| — / 1. Tot(x, 1) dx

with two flat, parallel windows, is a one-dimensional flat 0

plate that very closely behaves as having a single character- (15)
istic direction of radiation propagation. It is worthwhile to

note that the very commonly used annular reactor may be ; . . ) .
Y y Y potassium ferrioxalate) and, tot is the absorption coeffi-

treated with the one-dimensional approximation only in very cient of the complete reacting mixture (reactant and product
special cases (when the reactor is very short, much shorter X 9 ( P )-

than the lamp length, the inner reactor wall is very close to G“.N IS the |nC|der.1t. radiation impinging on .the window O.f
the external wall of the lamp and the annular gap is small). radiation entrange, i.e., the bgundary cpndmon. The reaction
The absorbed radiation by component j, at every different rate corresponding to the actinometer is:
point inside the reactor, in our notation, the local volumetric g, (x, 7| — @ “(x, 1) (16)
. . » L)IFert 2 Fet €\,
rate of photon absorption (LVRPA), is: g ‘ACt

4. One-dimensional, single directional,
monochromatic irradiation in homogeneous reactors

X

Here,  is the absorption coefficient of the reactant (the

@, pe+is the monochromatic overall quantum yield for the
e j(x 1) =k j(x, 1) Gulx, 1) (13) actinometer expressed in terms of the reaction product.
Combining Eq.(15) with Eq. (16) and writing the result

Note that this is a local value, the one that is required to incor- in an explicit way for the potassium ferrioxalate reaction:

porate the photonic absorption rate in any kinetic modeling.

Ry (x, )|pe+
REFLECTOR v
= D) e+ [“feg Cre+(x, f)] Giw
X
-t_ x exp —/[a§é+CFea+(x, 1) —l—aEeHC,:ea(x, t)] dx
0 Lr 0
f—= ]A (17)
[ X
hv — ‘ This is a local value of the reaction rate. If the reactor is
[~ BEACIUR well-mixed, concentrations are not a function of position but
¥ the distribution of radiation is. Thus, we need the average
value of the reaction rate over the reactor volume to relate
LA it with the change in concentration inside the reactor. For

the one-dimensional, single directional reactor, in the homo-
Fig. 1. One dimensional reactor with transparent window of radiation gen?ous SySte_m' if the reactor is well mixed and the cross
entrance. sectional area is constant, the average can be taken over the
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reactor length: References:

@
1- Reflector

(RA(X, t)|Fe2+>LR

2- Photoreactor
;; © "© 4 Heat Bxchanger
6 @ 9 5 Ta:k xchanger
6- Sampling
o 1 Lg © 7- R;T:i?&ﬂiting
F m
— @)\’Fez-f— a)L CFé’H— (t) G)L’W L_R @ pump
S—— e O
K Fe3+ Boundary
condition Fig. 2. The recycling system.
_ Fé+ C F€2+C d . .
XEexp a Fe (1) + o Fe+ (1) [ x ¢ dx yield, and the reactor and total volumes together with the
1. Tot reactor length are also known values. The only unknown left
(18) is G,.w. With a non-linear single parameter estimation this
. value can be easily obtained because we must only compare
The result is: . . .
experimental time rates of change of e values with
(Rk(x, ,)|Fe?_+>L predictions from the solution of E@21). Needless is to say
K that the extent of the reaction cannot be carried out beyond
_ PuretGrw <, Fes+ (1) the point for which the value of the overall quantum vyield
Lg K5 pe+(t) + K e+ (1) remains constant. However, this is not a serious limitation
i3, Tot(?) because the constancy of the quantum yield is known to
« { 1 — expl—«s Tot(t) LR]} (19) persist in a rather wide range of ferric salts concentrations

[5]. Summarizing, Eq(21) is an exact expression if: (i)
propagation of radiation can be assumed one-dimensional
To complete the description of the reactor operation we and single directional, (ii) the reactor is well mixed, (iii)
need a mass balance. For kinetic studies searching for a bettethe wavelength of the energy emitted by the lamp for which
following-up of the reaction evolution, easiness of sampling calculation is made falls within the wavelength range of
and temperature control, we have found very convenient to absorption by the actinometric solution and (iv) the extent
use a recycling system made of the reactor, a pump, a heabf the reaction is carried out till the limit in which the
exchanger and a rather large volume storage taigk ?). Un- monochromatic overall quantum yield of the actinometer
der (i) isothermal conditions, (ii) large recirculating flowrate, solution is known to remain constant for the involved wave-
(i) Vr/VT <1, (iv) well mixing conditions and (v) small  length.
conversion per pass in the reactor, it can be shown that the Using potassium ferrioxalate, the problem is even sim-
following equation applies: pler because when working with a wavelength not larger
Vi dCros tha_n 430 nm, not too low actinometer co_ncentrat_ions and an
(R)\(x, [)|Fe2+>LR = I et (20) optical path not shorter than 5cm, during the first part of
Ve dr the reaction performed under these circumstances, the time
A h|gh recircu|ating flow rate is needed to ensure good derivative is a Straight line. This can be eaSily shown be-
mixing conditions and almost differential conversion per cause according to Hatchard and Parket] under these
pass. Note that with the averaging procedure, the rate is anconditions the term labeled with A is close to 1 due to
exclusive function of time; i.e R, ()|re+ and that, according ~ the very high absorption produced by the potassium fer-
to the mass balance, changes in concentrations are measurgéPxalate. Moreover, at the initial stages of the reaction
in the tank. Inserting E(19) into Eq. (20) the monochro-  the termage [Cre+(1)] can be neglected compared with
matic boundary condition can be obtained after integration ®re+ [Cre+(f = 0)] — o+ [Cre+ (1) ]. Hence:
of:

dCre:(t)| Vg G ®; p+[Cret (t = 0) — Cre (1]
= +
d | Vr Lg VRFE o, et [Cret (t = 0) — Crer (1)] + o; gt Cpet (1)
x {1—exp[~a; pe+[Cret (t = 0) — Cee+ (1)] — o, g+ Crer ()] Lr} (21)
A

| _ | lim / dCre: (1)
This equation cannot be solved analytically. However, 50 “ar

experimentally we have values 6fe+ versus timeC‘F’é+
and all absorptivities can be known as well as the quantum EXPERIMENTS

Vg
=R G we 22
Tk) Vo LgltWPirer (22)
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When the above conditions are fulfilled, H2) is a valid
simplification andG; w can be easily obtained from it be-
cause the plot o2+ versus: is always a straight line.
When this linearity is not observed the complete E2fl)
must be used.

An important consideration has been stated: the well
stirred reactor operation. The hydrodynamic mixing “charac-
teristic time” and the photon transport “characteristic time”
are so much different that the hydrodynamics of the flow
field does not affect per se the light distribution inside the
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The reaction rate of species k must be incorporated into the
mass balance of the experimental reactor. However, even
in well mixed reactors, before integrating the mass balance
equation, we must always calculate the spatial average of
the reaction rate [as indicated for example by 8@&)], be-
causeed is an irreducible function of position. Calculating
this average for the whole reactor volume may be more or
less complicated according to the derived kinetic model and
the type of reactor that is used. For flat reactors as the one
adopted in this example, in the worst case, we will face a

reactor. However, if the distribution of the concentration of simple numerical integration that can be accomplished with

the radiation absorbing species is affected by the flow field, standard commercial programs. The same commentary ap-

it must be taken into account resorting to a precise model- plies for the solution of the mass balance in the proposed

ing of the mass balance and its coupling with the radiation operating system.

balance. It is clear that, in this case, the mass balance will There is an important point to note. A similar (not equal)

ask for information concerning the spatial distribution of the equation to Eq(22)is used in the chemistry literature. It im-

field of velocities. In the proposed methods for laboratory re- plies that at the employed wavelength radiation absorption is

action kinetics studies, this problem does not exists becausecomplete. On the contrary, E(R1) does not have this limi-

we impose on the experimental procedure the perfect mixing tation. Moreover, working with low conversion, E@1) can

operating condition. be simplified and used under conditions of incomplete ab-
It is clear that from Eq(22) one can obtain immedi- sorption because absorption by ferrous salts can be neglected

ately the incident radiation at the entrance of the reactor rendering:

window. Knowing G, w, there is no need to assume that

the same amount of photons absorbed by the actinometerdCre+ (1)

will be absorbed by the chemical system under study. dt Tk
Thus, using the same reactor, for any other homogeneous Vi
reaction employing reactark for example, we can know 7 Grw®; et
the spatial distribution of photon absorption rates, according T =R
to: x {1 — exp[ g+ [Cre+ (t = 0) — Crer (1)]] Lr}
“ (25)
e (x, f)|k = Kk k(x, 1) Gy w expl—ky, Tot(r)x] (23)
Integrating Eq(25), we can extract directly the value®f w:
Gow = Vr Lg Cons + 1 1 — exp[—ape+ Cre+ (1 = 0)Lg| (26)
Vg QD)\,FeZth (¥|:93+LR 1-— exp[—a,:e%Jr(C,:eer (l = 0) — CFe2+)LR]

Note that for very high radiation absorption, E26)reduces

. . to Eq.(22).
Eq. (23) includes the case of the existence of any form of

inner filtering effect. It is taken into account whef Tot
is calculated; i.e., it comprises the absorption coefficient : . . o
L . . 5. One-dimensional, single directional,

of the remaining reactant absorbing species plus any other i TS

: . >~ “'polychromatic irradiation in homogeneous systems
species (a product, for example) that absorbs radiation in
the wavelength under consideration. T'hIS prochure can pe Equations such as Eq&21), (22) and (26) can be used
done when the measurement of the actinometer is made with . : Y

. : with polychromatic radiation. Eq(21) or eventually Eq.

the same wavelength that will be used by the reaction under . :
study (26) must be used when there is no complete absorption by

. . the actinometer. We will illustrate the procedure with Eq.
Itis also important to recall that E¢R3) produces a local L o
. . - ) . (22) because of it simplicity, thus facilitating the conceptual
value, i.e., a function of position. This local value is needed

to calculate the initiation step of a photochemical reaction approach. Hence, for polychromatic light in the wavelength

L . .~ range fromiq to Ap, low conversions and complete ab-
at every point inside the reactor space. Then, it will be in- ; -
4 S . : sorption for all the wavelengths of emission by the lamp,
cluded in any kinetic model derived from a reaction scheme .
. . .~ we have:
or mechanism. For example, under isothermal and well mix-

ing conditions: < )

1

Vr _
o Lr Ui

Vg

ACFe2+
At

lim

t—0

D, gt G wdr
(27)

Rix(x, 1) = F[C1(t), Co(t)...Cu(t), ¢ (x, 1)] (24)
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The integral of the right hand side of E7) will be per- REFLECTOR
formed numerically with some form of discretization of the
wavelength intervall9]. When the lamp has emission lines, nt
it can be supposed that there are as many monochromatic re- L
actors as emission lines and add up the effects of each pseudo-
monochromatic reactor. When the emission is continuous one
can divide the whole wavelength interval into several discrete
regions of emission and proceed with the same concept.
Eq.(27) can be rearranged to give:

REACTOR
VrR\ .. AC G A2 E
(_R)|.m_Pe2+ :M/ o, caor L al
Vr ) =0 At [ dx Lg )»1 ’ Etot T
G A2 LAMP
= JTotW / F,®; rer di (28)
Lr Jy

GROUND GLASS

F, is generally known from the lamp manufacturer; it gives (External side)

de spectral distribution of the output power from the lamp.

Then, it is possible to calculate from experiments the value Fig. 3. Reactor with a window producing diffuse radiation entrance inside
of Grot,w and obtain afterwards, using ag#ip, the spectral the reactor.

distribution of the incident radiation at the reactor window.

scattering. However, the same reactor described before, with
a slight modification can be used, furnishing for laboratory
reactors the simplest solution for a rigorous treatment of the
RTE. To simplify the interpretation of the experimental data
EXPERIMENTS Cabrera et al[20] have proposed to use a diffuse boundary
(29) condition at the windows of radiation entrance. It is simple
to see the advantage of this experimental modification if one
compares the general RTE:

LRF; V. . AC
Grw = — 20 (_T> im ACr2
2 t—0

Vg At
2 (P re+ Fi)
Al

S d

dl, Q.9 (¥ 1)

s = —[ka(x, 1) + ou(x, D] I Qo.4)(x. 1)

ABSORPTION AND OUT SCATTERING

A

+ % / L .5 0 P[20.0) > 200, ¢)] d’ (30)

0

IN SCATTERING
G, w is the spectral distribution of the incident radiation ar- ith the RTE of one-dimensional model:
riving at the reactor window. The same considerations made

before concerning incomplete absorption or not too small MM + [ (x, 1) 4 03 (x, O] L, 1)

conversions are valid for polychromatic radiation. In these dx
cases, with more complex equations, we need the spectral n=1
. . . . . . _ O’A
distribution of the absorption coefficient of _theferr_|c and fer =5 / L (x. 1) p( — o (31)
rous salts¢rs+ and ape-+) that can be easily obtained with

spectrophotometric measurements. The biggest problem that p=—1

one will encounter is that a numerical integration will be In Eq.(30)6 and¢ are the angles that define the solid angle

needed. Cabrera et §0] and Marin et al.[21], have suc-  of radiation propagation in a spherical coordinate system. In

cessfully used these approaches for polychromatic radiation.Eq. (31) . = cosd and we need a single directional variable
to characterize de propagation of radiation. In addition, a dif-
fuse boundary condition produce azimuthal symmetry; i.e.,

6. One-dimensional, polychromatic reactors in diffuse radiation entrance produced by this special reactor

heterogeneous systems window allows to assume that radiation intensities going in-
side the reactor are equal for all directiofsg( 3).In other

In heterogeneous systems the solution of the radiative words, as usual, in these equations we need the incoming ra-
transfer equation is more complex because we must includediation (the boundary condition). In E¢30), the incoming
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radiation will be of the typeIE(@, ¢), whereas in the second
case we just neetf # 196, ¢).

The experimental simplification rendering azimuthal sym-
metry facilitates in great manner the solution of the RTE when
scattering is presefif0—22] How difficult is to obtain this
special boundary condition in a laboratory reactor? The solu-
tion is very simple: the external side of the reactor windows
must be made of ground glass or quartz. Note very clearly
that without this modification in the radiation entrance bound-
ary condition, photoreactors with radiation scattering, must
always be modeled as two-directional.

The boundary condition, in laboratory reactors having this
modification, can also be obtained with actinometric meth-

ods. In this particular case, even for homogeneous actinom-

etry in one-dimensional reactors, the Lambert-Beer equation
has some chang¢$5]. According to Brandi et al[23] it is
possible to work as follows:

dly, w(x, 1) _
T"‘K)\,Tot(xa Ohplx, 1) =0 32)
with 1, (0, 1) = I? # f(u)
Integrating Eq(32) for a well-mixed reactor:
Lo ) = Ifexp[—mx} (33)
o

Using the potassium ferrioxalate actinometer, the LVRPA be-
comes:

1

405Dy = 27, e ) [ D)o
0

= 21k, g+ (1) 1Y Eals Tor(t) x] (34)

In EqQ.(34), E> is the second order exponential integral func-
tion [24]. The exponential integral function oth order is
defined as:

1
B = [ u”zexp[—ﬂ i (35)
0

Considering again a recirculating batch reactor, the reaction
indicated by Eq(16) and the mass balance of HGO), the
reaction rate gives:

ol

_ dCFez+(t)
N dr

6.1. Case a: complete absorption at the wavelength

under consideration

Vr

(R)u(-x’ t))LR Vi

) = @, Fe+{e] |Act>LR
(36)

For simplicity, we will analyze this case for monochro-
matic radiation. Considering low conversions, it may be
assumed that, Tor = «; e+ With this standard restriction,
after substitution of Eq(34) let us integrate Eq(36) to
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calculate the reactor length averaged LVRPA.
Lpg

/ ei |Actdx

0

1

<ei|Act>LR = Lz

Lg

27 ik, g+ (1) I)?/EZ [12. Tot(t)x] dx
0

Lg

7} K, pe (1)
Lr k. Tot(t)
The last result follows because:

37

E,(2)dz = —E,y1, E3(0)=1/2 and Zﬂrcpo E3(z) —> 0

The last approximation can be applied because the product
Kk, Tot X LR is large enough to ensure complete absorption.
Working with low conversion, makes sure that absorption by
the ferrous ion is negligible and absorption by the ferric salt
is well defined. Once more, the plot of ¥econcentration
versus time gives a straight line; then, the value of the light
intensity that is needed for the solution of the RTE in the
heterogeneous system, is obtained from:

e () lm ()

TP re+ \ VR
Experiments
It may be convenient to point out that the solution of
the RTE in slurry photocatalytic reactors, even in one-
dimensional diffuse boundary condition models, is always
obtained integrating intensities. That is why we have not used
here equations in terms of the Incident Radiation.

ACFe2+
At

1= lim

t—1o

(38)

6.2. Case b: incomplete absorption in some wavelengths

Consider the case of the same reactor as before (one
dimensional, diffuse radiation entrance, isothermal, batch
in the recirculation mode and well-mixed). To get some
improvement in the uniformity of the radiation field in the
reaction space, we will irradiate the cylinder from both flat
windows as indicated iffrig. 4 [25] In this case, we face
the following problem: the employed lamp is polychromatic
and emits significant radiation between 275 and 580 nm,
a wavelength range for which the actinometer do not have
complete absorption in all the significant wavelengths.
However, the overall quantum yield as a function of wave-
length is known in the above mentioned spectral interval.
Moreover, in this case, the research project was interested
in knowing the entering energy to the reactor as a function
of wavelength (and not only the total entering energy).
This information was required to use the correct boundary
condition for a photocatalytic system. In this case it was
needed to select from all the wavelengths of emission by the
lamp, only those energies corresponding to the wavelength
interval of absorption by titanium dioxide in the used reactor
(between 275 and 385 nm). This permits to use the energy
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x=0 x=L, Integrating:
PHOTOREACTOR | | (ea| ) _ 1 ok ) 0
MAct/Lg —LRKTot 1, Fe A
x2[E3(0) — E3(ks.,TotLR)] (43)

- % s X\JQ% """ O To compute the incident radiation, we recall that the entering
P / radiation is diffuse:

REFLECTOR GA,W:[(ZIA,Q(Q,¢)(X, 1)ds2

o |
N
QUARTZ T 6=m/2 1
WINDOW ) 0
= 27 L o(x, £)Sin6do = 2 I du
Fig. 4. One dimensional-one directional reactor irradiated from both sides. Due to 6—0 0
azimuthal
symmetry

corresponding to the restricted range of absorption by the
catalyst in the boundary condition required in the solution =27 IS (44)
of the RTE for the heterogeneous system.

Integrating Eq(32) for the case in which both windows Combining Eqs(43) and(44).

are irradiated:
26w K3 e (1)

< = E3(0)— E L
bty — 10 ex o) (eA|Act>LR Lx 1ot [E3(0) — E3(k2.,TotLR)]
X 1) = L5 EXP . (45)
+exp(— 13 Tot(t) (LR — x))] (39) Eq. (45) must be inserted into the mass balance. Recalling
" the value ofe3(0):
The LVRPA becomes: <ﬁ> [M }
=1 V& dr 5
K 2G 1
&5 (x, )| po = 27 Ky e+ (1) / L (x, )dy/ (40) _ (DA,Fe“M [5 _ Es(K,\,TotLR)] (46)
=1 Ky, Tot LR
Then: Eq. (46) is valid for monochromatic radiation. However the
: experimental measurement of the change in the ferrous salt
1 concentration is the result of polychromatic radiation. It can
(.t —92 N | LG ndu! be accepted that the wavelength distribution arriving at the
e )|A°t 7 i pe ( )/ o (6, reactor windows is the same than that corresponding to the
-1 lamp emission (furnished by the lamp manufacturer) with
= 271, e+ (t) IS all quantities expressed in photochemical units for energies
' [recall the spectral distribution of the lamp output used in Eq.
X [E2(k.7ot(r) x) + E2(kcx Tot(t) (L g — x))] (28):
(41) E,
Guw= Gtotw = FiGTo,w (47)
Again, the average value of the LVRPA is needed: Tot

Ly Substituting into Eq(46):
1
(e(xl|Act)LR = L_R/ e (x, t)|Actdx
0

( Vr ) dCre+ (1)
Grotw = | —— T
Lg Vr 4 [ adr

1
= — 21k, g+ (1) I)? / Experiments

Lg !

0 1
X
X [EZ(KA,Tot(t) x) + EZ(KA,TOI(Z) (LR - X))] dx % ZA (D)L,Feer Ki;i:r % I:% — E3(KA,TOtLR)]

(42) (48)
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With low conversion and using the previously mentioned =
. . =
straight line plot: ~ 100
Vr 1 . 2 80
G =|—
Tot,W <VR , 7=580 . . VB .
e O
e 2 Prrer e [z - E3(KFe3+LR)] 5 ’JFl
A=275 2 40 ]n
[ Cre+ Z
x lim [F—ez (49) £ ]
=0 [t —10]y; o 1, | P W
N e’ = N PR e pr T i Bt P TN ) R SR SR R P M B R 7 P S R e e R
Experiments 5 200 300 400 500 600 700 800
o Wavelengths (nm)

And using again Eq47), the incident radiation, as a function
of wavelength can be obtained. With Ed4), the incoming
intensities (S) as a function of wavelength can be immedi-
ately calculated. With this boundary condition we can pro- (in terms ofE/Emayx, With Emax being the 100% output power
ceed to solve Eq31)for the heterogeneous system. at 370 nm). Note that the ratio &Enax in W is not equal
In these equations we have assumed that both lamps haveo the ratio ofE/Emay in einstein because of the wavelength
exactly the same radiation output. When the difference be- dependence involved in the transformatjgh Table 1indi-
tween the boundary conditions on the right and the left side cates the calculations that must be done to report the relative
of the reactor is significant, it is always possible to use a very output power in terms of the power in einsteitst a given
similar equation adding the two different contributions from wavelength with respect to the total power in the same units.
both sides. The resulting expression does not add significantTable 2 gives the values that must be used to apply(&8).
additional complexity, but two different actinometric mea- In this case the actinometer (potassium ferrioxalate) concen-
surements (one for each lamp, separately) will be necessarytration was 0.021 M. The values of quantum yields were taken
from Calvert and Pitt§2], Braun et al[4] and Murov et al.
[5] and the molar absorptivities were taken from the last two.
7. Application The reactor lengtl.g was equal to 5.2cm and the ratio of
V1/VR was equal to 45.29 (a storage tank was included in the
As an illustrative example of these procedures, we will recirculating system).
show the case of diffuse irradiation with a lamp with emission  Fig. 6, shows the experimental results from which the limit
in a wavelength range where the actinometer does not haverequired by Eq(49) can be calculatedlable 3shows the
complete absorption and the valuesIQfare needed in a numerical values. There are values for each one of the lamps
restricted wavelength interval. (both lamps are not identical) and also the results obtained
Consider the case of a Philips HPA 1000 lamp with sig- interposing neutral density filters between the lamps and the
nificant emission in the wavelength range between 275 andreactor. Table 4shows the values obtained calculating the
580 nm Fig. 5. No information is provided concerning the incident radiation in each condition. Finally from this results
total output power, but the normalized percentage distribu- and the distribution of the output power givenTliable 1, the
tion of the output power as a function of wavelength is known desired values of the incoming intensities in the wavelength

Fig. 5. Spectral distribution of the lamp output power (Philips HPA 1000).

Table 1

Relative output power in terms of the energy in einstethas a function of wavelength

A (nm) EXIE¥ o (WIW x 107) Ailhmax E)./Emax (€instein/einsteix 107) E)/Etotal (€instein/einsteix 107)
275 100 0.74 743 104
305 375 0.82 3091 431
310 450 0.84 3770 526
324 270 0.88 2364 330
359 630 0.97 6113 852
370 1000 100 10000 1390
385 720 104 7492 1040
410 600 111 6649 927
423 350 114 4001 558
436 640 118 7542 1050
490 125 132 1655 231
523 170 141 2403 335
545 600 147 8838 1230
580 450 157 7054 984

Where:}; is the wavelength of emission peakE}/E},, is the relative output power in terms of W/Amax. wavelength relationship with respect to that of
maximum emissiorE; /Emax : is the relative output power in terms einstein obtainedZ#K%,,,) x (Ai/Amax), Efgm = (E;./Emax)/ (zgzgggEk/Emax).
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Table 2

Values used in Eq49)

A (nm) ¢ (mole einstein?) afe™ (cm? molet x 10°9) Kppt3 X LR E3(kpet3Lg)?
275 124 49915 5450 x~

305 124 49915 5450 ~

310 124 49915 5450 x~

324 123 39704 4336 ~

359 114 19033 2078 x~

370 114 14061 1535 ~

385 114 9539 1042 x~

410 109 3388 337 ~

423 104 1622 183 x~

436 101 1036 2.82 113x 10792
490 094 244 029 305x 10791
523 Q59 049 005 455x 10791
545 Q15 027 003 472x 10791
580 Q013 055 006 447x 10791

a Values taken fron®zisik [15].

- Lamp on the right side Lamp on the right side with filter
_ 1200 1
T 5000 L]
E E 1000
= 4000 =
E E 800~
= 3000 A >
» . 600 1
& 2000 g
g J 400
1000 | 200 4
0 T T T T T T r 0 T T T T T T *
0 200 400 600 800 1000 0 200 400 600 800 1000
(a) Time (s) (b) Time (s)
Lamp on the left side Lamp on the left side with filter
6000
1200 4
5000 - _ 1
b 1000 +
g E
2 4000 2
= = 800 A
£ 3000 1 A
a a 600 A
= g ]
o) B
" 2000 " 4001
= =
&) &) 1
1000 200
0 T T T T T T T 0 T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
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Fig. 6. Experimental actinometric results: (a) lamp on the right side, (b) lamp on the right side with filter, (d) lamp on the left side and (e) lareft sitthe |
with filter.

Table 3 Table 4

Experimental results Incident radiation for each condition

Condition Slopex 10° Lamp Grot,w x 10°
(molecnT3s71) (einsteincm?s71)

Lamp on the right side (100%) @3 Right side (100%) 30

Lamp on the left side (100%) 43 Left side (100%) 1840

Lamp on the right side with filter (20%) .30 Right side with filter (20%) (B73

Lamp on the left side with filter (20%) .20 Left side with filter (20%) @72
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Table 5
Boundary conditions as a function of wavelength

Wavelength (nm) 12 x 10° (einstein cm?s~1srt)

Lamp

On the right side (100%) On the left side (100%) On the right side with filter (20%) On the left side with filter (20%)

275 285 304 0616 0614
305 119 127 256 256
315 145 154 312 312
325 907 968 196 196
359 234 250 5.06 505
370 384 409 8.29 826
385 288 307 6.21 619

range between 275 and 385 nm, required to integrate the RTEReferences
in the photocatalytic system with titanium dioxide are shown
in Table & [1] W. Noyes, P. Leighton, Photochemistry of Gases, Reinhold, New
York, 1941.
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