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The effect of the reaction temperature on the degradation rate of formic acid, using the Fenton and photo-
Fenton processes, is investigated. First, for both reactions, a stirred tank laboratory photoreactor irradiated
from the bottom was used to evaluate the kinetic parameters between 298 and 328 K. Afterward, the proposed
kinetic model was used to predict the conversion of the organic pollutant in a flat-plate solar photoreactor.
The previously reported radiation field and mass balances have been used to compute the formic acid and
hydrogen peroxide concentrations as a function of time in the solar reactor. Theoretical and experimental
results show that UV solar radiation improves the effectiveness of the Fenton process. At lower temperatures,
the pollutant conversion enhancement is significant, but this effect is less important at higher temperatures.
For instance, experimental conversion enhancements after 20 min are 186.0, 74.0, and 7.4% for 298, 313,
and 328 K, respectively.

1. Introduction

Advanced oxidation processes (AOPs) have been proposed
as an alternative method for the treatment of ground, surface,
and waste waters containing toxic and biologically nondegrad-
able organic compounds. These processes, well-known for their
capacity for oxidizing and mineralizing a great variety of organic
pollutants, are all characterized by the generation of highly
reactive hydroxyl radicals (•OH) in the homogeneous or
heterogeneous phase.

The Fenton reaction, a mixture of hydrogen peroxide and
ferrous salts, is an AOP characterized by the production of
hydroxyl radicals in the homogeneous phase at ambient tem-
perature. The production rate of these hydroxyl radicals can be
considerably enhanced by irradiating the mixture with UV or
UV/visible radiation (the so-called photo-Fenton reaction),
improving the degradation rate of various organic contaminants.
In recent years, the capability of the photo-Fenton system to
destroy most toxic organic compounds at low temperatures has
been demonstrated.1-8

The feasibility of applying solar radiation as a source of UV/
visible radiation has made the photo-Fenton system an economi-
cal and competitive process. This solar radiation reaction has
been widely proposed to degrade many compounds: EDTA,9

phenols,10,11pesticides,12-14 surfactants,15 diclofenac,16 and other
organic compounds.17

Recently, it has been shown that an increase of the reaction
temperature can enhance the pollutant conversion of the Fenton
process.18-23 A number of attempts have been made applying
artificial radiation to study the temperature effect on the photo-
Fenton degradation of 4-chlorophenol,24 Reactive Blue 4,25

nitrobenzene,26 and other compounds.27-29 In the case of the

solar photo-Fenton reaction, it was reported the beneficial effect
of increased temperature in the oxidative degradation of different
aqueous organic pollutants: alachlor,30 cellulose bleaching
effluents,31,32 and non-biodegradable chlorinated solvents.33 In
addition, an interesting combined photochemical-thermal solar
radiation process has been proposed to enhance the reaction
rate of the Fenton system to remove an organic pollutant.34

These authors have developed the so-called insulated solar
Fenton hybrid process, on the basis of the use of the entire
spectrum of the sun: (i) solar UV/visible energy in the
wavelength region 300-500 nm to activate photochemical
reactions and (ii) solar thermal energy for wavelengths higher
than 500 nm to increase the reaction temperature. A new hybrid
photocatalytic-photovoltaic system (HPPS) was also built and
investigated, where the UV solar radiation is used for the
photocatalytic degradation of biorecalcitrant pollutants and the
photovoltaic system is employed to convert the visible solar
radiation into electricity.35

These contributions were largely involved either in proposing
Fenton and/or photo-Fenton kinetic models and reaction mech-
anisms to evaluate the pollutant decay or in investigating the
effects of the reaction temperature on the degradation rate of a
specific toxic organic compound. Conversely, in a limited
number of studies temperature-dependent kinetic models for both
the Fenton and the photo-Fenton reactions, including an explicit
formulation for the photon absorption rate inside the solar
reactor, have been proposed. In this work, the temperature
effects on the Fenton and photo-Fenton degradation rates
employing formic acid as a model pollutant are reported. To
achieve this goal, the kinetic parameters for a temperature range
that goes from 298 to 328 K have been estimated in dark and
irradiated laboratory experiments employing a well-stirred tank
photoreactor. The reactor was irradiated from the bottom by
means of a tubular lamp placed at the focal axis of a cylindrical
reflector of parabolic cross section. The activation energies and
frequency factors were obtained from a Arrhenius-type diagram
for each kinetic parameter.

Afterward, the proposed temperature-dependent kinetic model
was used to predict formic acid and hydrogen peroxide
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concentrations as a function of time in a flat-plate solar reactor
placed inside a batch recycling system. Three reaction temper-
atures were used for this study: 298, 313, and 328 K. The
proposed model is able to account for the dark (Fenton) and
the radiation activated (photo-Fenton) reaction rates in a single
mathematical expression and to take into account the irradiated
and nonirradiated volumes inside the solar reactor. Besides, the
local volumetric rate of photon absorption inside the solar reactor
has been evaluated, considering the direct and diffuse compo-
nents of the solar radiation flux incident at the reactor window.

2. Stirred Tank Laboratory Photoreactor

2.1. Reactor Model.Kinetic studies were performed in an
isothermal, well-stirred tank photoreactor (Figure 1). A mass
balance for the formic acid (F) and the hydrogen peroxide (P)
in this batch, perfectly stirred tank photoreactor gives the
following set of two nonlinear, first order, ordinary differential
equations:

with the initial conditions

The reaction scheme for the photo-Fenton reaction has been
described in detail by Pignatello36 and De Laat and Gallard.37

The required formic acid (RF) and hydrogen peroxide (RP)
reaction rates for the mass balances may be obtained from the
kinetic model proposed by Rossetti et al.38

Here Φh is the wavelength-averaged primary quantum yield,
ea(x, t) is the local volumetric rate of photon absorption
(LVRPA), CF, CP, and CFe3+ are the formic acid, hydrogen
peroxide, and ferric ion concentrations, andKi (i ) 1-4) are
the kinetic parameters. Notice thatRF

t andRP
t are the thermal

(or Fenton) formic acid and hydrogen peroxide degradation rates,
respectively.

To complete the theoretical description of the kinetic model,
it is necessary to introduce the radiation field expression on
the right-hand side of eqs 3 and 5. It has been proposed by
Alfano et al.39 that a three-dimensional model should be used
to compute the radiation field in a similar photoreactor. These
authors proposed and verified experimentally a rigorous radia-
tion model to compute the LVRPA and found that, for restricted
optical and geometrical parameters, modifications of the radial
and angular coordinates did not introduce significant variations
in the radiation field.

In light of these considerations, a one-dimensional radiation
field model has been used in this work to calculate the
monochromatic LVRPA as a function of the spatial coordinate
(x) and the time (t). Thus,

In eq 7,qwall is the net radiative flux at the wall of the reactor
bottom, fλ is the normalized spectral distribution of the lamp
output power provided by the lamp manufacturer,κλ the reactant
species absorption coefficient, andκT,λ is the total absorption
coefficient.

According to Faust and Hoigne´,40 the iron complex Fe(OH)2+

is the dominant species at pH) 3.0. Furthermore, radiation
absorption of hydrogen peroxide and ferrous ion is negligible
for wavelengths greater than 300 nm. Consequently,

The molar absorptivity of the absorbing species [RFe(OH)2+] as a
function of the wavelength was obtained from Faust and
Hoigné.40

Because the incident UV radiation is polychromatic and the
optical properties of the reactants are functions of wavelength,
an integration over all the useful wavelengths must be per-
formed. Thus,

2.2. Experiments.The employed apparatus was a well-mixed
tank reactor (Figure 1). The photoreactor was irradiated from
the bottom with a black light, mercury arc lamp (Phillips TL
20W/08) placed at the focal axis of a cylindrical reflector of
parabolic cross section. The tank was equipped with a ther-
mometer, a liquid sampling valve, and a variable-speed stirrer.
The experimental device was connected to a thermostatic bath
to facilitate the temperature control. Table 1 presents a summary
of the main reactor, lamp, and reflector characteristics and
dimensions.

Experimental runs were conducted in the stirred tank pho-
toreactor at pH) 3.0, a ferric ion concentration equal to 1 mM,
and three reaction temperatures: 298, 313, and 328 K. Table 2
shows the operating conditions for the Fenton and photo-Fenton

Figure 1. Schematic representation of the stirred tank laboratory photo-
reactor.
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experimental program. The experimental procedure began when
concentrated sulfuric acid was used to adjust the pH. Then, ferric
sulfate solution (Carlo Erba, RPE) was added to the reactor and
the reaction temperature adjusted to reach the working condi-
tions. A shutter located between the lamp-reflector system and
the bottom of the reactor allowed us to obtain the specified
operating conditions. Then, hydrogen peroxide (Carlo Erba,
ACS, 30%P) and formic acid (Merck, ACS) solutions were
added to the reactor, and the first sample was withdrawn
(reaction time equal to zero). Finally, the shutter was removed
to start the irradiated experiences.

Runs lasted 30 min, and liquid samples were taken at equal
time intervals. As soon as the sample was withdrawn, the Fenton
reaction was stopped instantaneously by adding sodium sulfite.
Formic acid was analyzed with total organic carbon measure-
ments (Shimadzu TOC-5000A). Concerning the measurement
of hydrogen peroxide, a modified iodimetric technique was used.
Ferrous ions were tested with absorbance measurements of the
Fe(II)-phenantroline complex at 510 nm. In a previous work,
it has been experimentally verified that the ferrous ion concen-
tration remains almost constant.38

2.3. Evaluation of the Kinetic Parameters.The system of
two nonlinear, first-order, ordinary differential equations (eqs
1-9) was numerically solved using a fourth-order Runge-Kutta
method. Integration of these equations provides the formic
acid and hydrogen peroxide molar concentrations as a func-
tion of time. Values of the kinetic parametersKi (i ) 1-4) at
298 K were obtained from De Laat and Gallard,37 and the
wavelength-averaged primary quantum yieldΦh was taken
from Rossetti et al.38 To obtain the same kinetic parameters at
313 and 328 K we applied a nonlinear regression algorithm,41

using the proposed kinetic model and the experimental data.
Then, with an Arrhenius-type diagram, the corresponding
frequency factors (Ai) and activation energies (Ei) were calcu-
lated (Table 3).

The net radiative flux at the reactor bottom was evaluated
with actinometric measurements employing potassium ferri-
oxalate in an aqueous solution. From these experiments the net
radiative flux at the reactor wall was determined to beqwall )
5.56× 10-9 einstein cm-2 s-1.

A set of experimental runs for Fenton and photo-Fenton
reactions was performed, using different values of the reac-
tion temperature and of the hydrogen peroxide to formic acid
initial molar ratio. Table 2 presents a summary of the oper-
ating conditions for the experimental program. Kinetic model
and experimental results of formic acid and hydrogen per-
oxide relative concentrations as a function of time were
compared. Figure 2 shows model predictions and experi-
mental data of the time evolution of formic acid and hydro-
gen peroxide relative concentrations, for a dark and a
UV-irradiated solution and for three reaction temperatures:
298, 313, and 328 K. The following operating parameters
were also employed for the experimental runs:CF

0 = 2.2 mM,
CP

0/CF
0 = 3, and CFe3+ ) 1 mM. Model predictions are

compared with experimental data, and a good representation of
the formic acid and hydrogen peroxide concentrations is
obtained.

Table 4 provides a quantitative comparison between predicted
and experimental values of formic acid conversions for Fenton

Table 1. Reactor, Lamp, and Reflector Characteristics and
Dimensions

value units

Reactor
total liquid volume 3.00× 10-3 m3

diameter 1.42× 10-1 m
length 1.89× 10-1 m

Lamp Philips TL 20W/08
nominal power 20 W
output power: 310 nme λ e 420 nm 2.39 W
diameter 3.70× 10-2 m
nominal arc length 6.00× 10-1 m

Reflector
parabola characteristic constant 2.10× 10-2 m
distance vertex of parabolic

reflector-reactor plate
8.40× 10-2 m

length 1.58× 10-1 m

Table 2. Operating Conditions for the Experimental Programa

Fenton photo-Fenton

temperature (K) CP
0/CF

0 CF
0 × 103 (M) CP

0/CF
0 CF

0 × 103 (M)

298 2.90 2.12 3.05 2.02
4.87 2.25 5.11 2.21
8.05 2.13 7.93 2.12

313 3.16 1.99 3.11 2.11
5.03 2.27 5.20 1.98
7.95 2.19 7.84 2.08

328 3.11 2.15 2.77 2.18
4.86 2.23 4.87 2.23
7.93 2.14 7.74 2.16

a Reaction time) 30 min.

Table 3. Estimated Values of Activation Energies and Frequency
Factors

kinetic parameter Ai Ei

K1 2.23× 1012 (L mol-1 s-1) 7.76× 104 (J mol-1)
K2 4.69× 1026 (-) 1.66× 105 (J mol-1)
K3 1.74× 107 (-) 4.52× 104 (J mol-1)
K4 3.88× 1014(L mol-1 s-1) 9.90× 104 (J mol-1)

Figure 2. Model and experimental relative concentrations vs time: (a)
formic acid, (b) hydrogen peroxide. Key: Fenton (dashed line), photo-Fenton
(solid line), 298 K (4, 2), 313 K (0, 9), 328 K (], [).
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and photo-Fenton reactions, for the complete set of operating
conditions employed in the experimental program. Notice that
increasing the reaction temperature increases the pollutant
conversion for both reactions. Also, it is interesting to note that
the photo-Fenton system always produces a formic acid conver-
sion greater than that obtained with the Fenton system: an
experimental pollutant conversion enhancement of 167.4% is
achieved when the temperature and hydrogen peroxide to formic
acid molar ratio are low (298 K andCP

0/CF
0 ) 3). However, a

lower increase in the organic pollutant conversion is reached
when the reaction temperature and the hydrogen peroxide to
formic acid molar ratio are high: only an experimental pollutant
conversion enhancement of 3.3% is reached at 328 K and
CP

0/CF
0 ) 8.

On the other hand, a hydrogen peroxide to formic acid molar
ratio under 3 (CP

0/CF
0 ) 0.5) was studied. For the Fenton

process, the formic acid conversions after 20 min are 9.4% at
298 K and 18.9% at 313 K. For the photo-Fenton reaction, the
corresponding formic acid conversions are 11.4% at 298 K and
24.8% at 313 K. Thus, pollutant conversion enhancements of
21.3 and 31.2% are achieved at 298 and 313 K, respectively.
These results show that the formic acid conversion enhance-
ment cannot be leveled out by temperature when an amount
of hydrogen peroxide under the stoichiometric requirement is
used.

3. Flat-Plate Solar Reactor

3.1. Reactor model.The experimental device is an isother-
mal, flat-plate solar photoreactor placed inside the loop of a
batch recycling system (Figure 3). The operating conditions of
the system may be summarized as follows: (i) a reactor volume
smaller than the tank volume, (ii) high recirculating flow rate,
and (iii) perfect mixing in the whole recycling system. As it
was shown in Rossetti et al.,42 the mass balance for the formic

acid (i ) F) and hydrogen peroxide (i ) P) are given by

with the following initial conditions:

whereVR, VTk, and VT are the reactor, tank, and total liquid
volumes, respectively. Notice that the first term on the right-
hand side of eq 10 represents the pollutant (or hydrogen
peroxide) decomposition rate produced by the photo-Fenton
reaction occurring in the irradiated liquid volume, while the
second term corresponds to the pollutant (or hydrogen peroxide)
degradation rate generated by the thermal reaction that takes
place in the nonirradiated liquid volume.

The required reaction ratesRi(x, t) andRi
t(t) to replace in the

solar reactor mass balances (eq 10) are obtained from the kinetic
model previously described (eqs 3-6).

To complete the mathematical description of the reactor
model, it is necessary to introduce the LVRPA expression on
the right-hand side of the kinetic equations (eqs 3 and 5). In a
previous work, Rossetti et al.43 proposed and experimentally
verified a rigorous radiation field model for a similar flat-
plate solar photoreactor. The authors assumed that only radia-
tion absorption took place in the reacting medium and that the
glass window was irradiated with direct and diffuse solar
radiation. Then, they computed the LVRPA and the vol-
ume-averaged reaction rate of an uranyl oxalate aqueous solu-
tion (a well-known chemical actinometer), for different solar
zenith angles and actinometer initial concentrations, and com-
pared the predicted results with the experimental decomposition
rate data.

Table 4. Stirred Tank Laboratory Photoreactor: Comparison between Fenton and Photo-Fenton Percent Conversions (t ) 20 min)

CP
0/CF

0 ) 3 CP
0/CF

0 ) 5 CP
0/CF

0 ) 8

temperature (K) Fenton
photo-
Fenton

enhancement
(%) Fenton

photo-
Fenton

enhancement
(%) Fenton

photo-
Fenton

enhancement
(%)

298 experiment 13.5 36.1 167.4 16.4 38.5 134.8 20.6 33.1 60.7
model 11.9 37.9 218.5 16.1 38.1 136.6 20.2 39.4 95.0

313 experiment 35.6 63.2 77.5 47.3 65.4 38.3 60.0 72.9 21.5
model 38.7 62.3 61.0 49.3 67.5 36.9 58.5 72.0 23.1

328 experiment 89.3 96.9 11.9 94.8 100.0 5.5 96.8 100.0 3.3
model 89.8 97.0 8.0 94.3 99.5 5.5 96.7 99.9 3.3

Figure 3. Schematic representation of the flat-plate solar reactor.

dCi

dt
)

VR

VT
〈Ri(x, t)〉VR

+ (VTk

VT
)Ri

t(t) (i ) F, P) (10)

t ) 0 Ci ) Ci
0 (i ) F, P) (11)
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In this work, a similar expression is proposed to predict the
monochromatic LVRPA as a function of positionx inside the
solar photoreactor:

Here, qD,λ and qS,λ are the spectral direct and diffuse solar
radiation incidents on the glass window of the reactor,qB,λ is
the spectral net radiation flux reaching the reactor bottom,TD,λ
and TS,λ are the direct and diffuse transmittances,κλ is the
spectral volumetric absorption coefficient of the absorbing
species,L is the reactor depth,FB the reactor bottom reflectivity,
Fw-p is the water-plate reflectivity, andµ ) cosθ. In eq 12
we have also defined

In eqs 13-15 Fa-p andFp-w are the air-plate and plate-water
reflectivities, respectively,κp,λ is the spectral volumetric absorp-
tion coefficient of the glass plate, ande is the glass plate
thickness. More details on the modeling and experimental
verification of the radiation field inside of the flat-plate solar
reactor can be found elsewhere.43

3.2. Experiments. The experimental device was a well-
stirred, flat-plate solar reactor placed inside a batch recycling
system (Figure 3). The frame of the reactor was made of Nylon
and, at the reactor top, a window made of Tempax glass was
placed. A tank of Pyrex glass and a centrifugal pump (Vanton
Flex-I-Liner) completed the system. To keep the reaction
temperature constant, the apparatus had an all-glass heat
exchanger connected to a thermostatic bath (Lauda K2R). The
heat exchanger and the high recirculating flow rate of the
aqueous solution favored the temperature control of the reacting
mixture. Values of the solar reactor and optical parameters can
be found elsewhere.42

The experimental procedure began when concentrated sulfuric
acid was added to the mixture of ferric sulfate (Carlo Erba, RPE)
and hydrogen peroxide (Carlo Erba, ACS, 30%P) in water to
adjust the pH at 3.0. During the initial period of each
experimental run, the reactor window was covered with an
opaque paper to avoid solar radiation entrance. Then, the formic
acid solution was added to the tank and the opaque paper was
removed; this operation determined the starting time of the
photo-Fenton reaction. Experimental runs were carried out
during 30 min, and the liquid sampling operation was repeated
at equal time intervals until the run was concluded. Formic acid,
hydrogen peroxide, and ferrous ion were analyzed with the
procedure described in section 2.2.

3.3. Predicted and Experimental Results.To evaluateqD,λ
and qS,λ at the Earth’s surface for cloudless atmospheres, we
have applied the model proposed by Bird and Riordan.44 For
each one of the experimental runs, UV solar radiation predictions
obtained with the Bird and Riordan’s model were compared
with the broadband UV solar radiation incident on the reactor
glass window. Solar radiation measurements at equal time
intervals were made by means of a Kipp and Zonen CUV3
radiometer. Table 5 presents values of measured and predicted
ultraviolet solar radiation incident at the reactor window, for
experimental runs carried out at the reaction temperatures 298,
313, and 328 K. For each reaction time, the corresponding values
of the zenith angle (column 3) and the percentage error (column
6) were also added. It can be observed that the maximum relative
error between predicted radiation fluxes and experimental
measurements is not higher than 2.3%. In addition, it should
be noted that the maximum variation of the measured UV solar
radiation incident on the glass window of the reactor for each
one of the experimental runs is not higher than 3.3%. Accord-
ingly, a time-averaged solar zenith angle could be used for the
numerical solution of the solar radiation model.42

Model predictions of formic acid and hydrogen peroxide
concentrations as a function of time were obtained solving the
system of nonlinear, first order, ordinary differential equations
(eqs 10 and 11), the equations for the computation of the spectral
LVRPA (eqs 12-15), and the expressions of the Bird and
Riordan model44 for the evaluation of the direct and diffuse
spectral solar radiation incident at the reactor window. Formic
acid and hydrogen peroxide reaction rates were computed using
the temperature-dependent kinetic model (eqs 3-6).

Figure 4 shows solar reactor model and experimental results
of the relative concentrationsCF/CF

0 andCP/CP
0 as a function of

time, for the Fenton and photo-Fenton processes and for 298,
313, and 328 K. Constant values ofCF

0 ) 2.2 mM, CFe3+ ) 1
mM, CP

0/CF
0 ) 3, and the time-averaged solar zenith angle〈θZ〉

) 9.5° were used. A good agreement between model predictions
and experimental points may be observed. Notice that for formic
acid relative concentrations greater than 0.1 and hydrogen
peroxide relative concentrations greater than 0.03, the relative
error is not higher than 8%.

Table 6 shows a quantitative comparison between theoretical
and experimental results of the pollutant conversion after 20
min of reaction time. In this case, it can be observed again that
when increasing the reaction temperature, the formic acid
conversion for Fenton and photo-Fenton reactions increases too.
It should be noted as well that UV solar radiation improves the
effectiveness of the Fenton system. However, an important result
is that at higher values of the reaction temperature, the
enhancement of the pollutant conversion is less important. For

eλ
a(x) ) κλ{qD,λTD,λ exp(-κλx/µr) +

2qS,λ

nw
2

na
2∫µcr

1
TS,λ exp(-κλx/µ) dµ +

2FBqB,λ[∫0

1
Fw-p(µ) exp[-κλ(L + x)/µ] dµ +

∫0

1
exp[-κλ(L - x)/µ] dµ]} (12)

TD,λ )
[1 - Fa-p(µin

/ )][1 - Fp-w(µr′ )]τλ(µr′ )

1 - τλ
2(µr′ )Fa-p(µr′ )Fp-w(µr′ )

(13)

TS,λ )
[1 - Fa-p(µ*)][1 - Fp-w(µ′)]τλ(µ′)

1 - τλ
2(µ′)Fa-p(µ′)Fp-w(µ′)

(14)

τλ(µ′) ) exp(-κp,λ
e
µ′) (15)

Table 5. Measured and Predicted UV Solar Radiation

UV solar
radiation (W m-2)temperature

(K)
time
(min)

zenith
angle (deg) measurement prediction

error
(%)

298 0 10.5 37.6 38.3 2.0
10 9.4 37.6 38.5 2.3
20 8.8 37.8 38.6 2.0
30 8.7 37.9 38.6 1.9

313 0 11.3 38.0 38.2 0.6
10 9.9 38.1 38.5 1.0
20 8.9 39.0 38.6 0.9
30 8.3 39.3 38.7 1.4

328 0 11.5 37.8 38.2 1.1
10 10.2 38.2 38.5 0.8
20 9.1 38.4 38.7 0.6
30 8.5 39.0 38.7 0.7
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example, experimental conversion enhancements of 186.0, 74.0,
and 7.4% are achieved at 298, 313, and 328 K, respectively.

4. Conclusions

A reactor model was developed to study the temperature
effects on the degradation of formic acid for Fenton and photo-
Fenton processes. Frequency factors and activation energies
between 298 and 328 K were estimated for both reactions,
employing a well-stirred tank laboratory photoreactor irradiated
from the bottom. The kinetic model was afterward used to
predict formic acid and hydrogen peroxide concentrations as a
function of time in a flat-plate solar reactor placed inside a batch
recycling system.

Predictions of the solar reactor model were compared with
experimental data, and a satisfactory representation of the formic
acid and hydrogen peroxide concentrations versus time data was
observed. For formic acid relative concentrations greater than
0.1 and hydrogen peroxide relative concentrations greater than
0.03, the maximum deviation was not higher than 8%.

Model predictions and experimental data show that UV solar
irradiation improves the effectiveness of the Fenton process.
We found that, when the temperature is low (298 K), the formic
acid conversion enhancement after 20 min of reaction time is
significantly increased (186.0%). Nevertheless, for the highest

temperature investigated in this work (328 K), this effect is less
important (7.4%).
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Nomenclature

Ai ) frequency factor, m3 mol-1 s-1 (A1 andA4), dimensionless
(A2 andA3)

C ) molar concentration, mol m-3

Ei ) activation energy, J mol-1

e ) plate thickness, m
ea ) local volumetric rate of photons absorption (LVRPA),

einstein m-3 s-1

fλ ) normalized spectral distribution of the lamp output power,
dimensionless

Ki ) kinetic parameter, m3 mol-1 s-1 (K1 andK4), dimensionless
(K2 andK3)

L ) reactor depth, m
n ) refractive index, dimensionless
q ) net radiative flux, einstein m-2 s-1

R ) reaction rate, mol m-3 s-1

t ) time, s
T ) transmittance, dimensionless
V ) volume, m3

x ) spatial coordinate, m
x ) vector representing position in a 3D space, m

Greek Letters

R ) molar absorptivity, m2 mol-1

θ ) spherical coordinate, rad
θz ) solar zenith angle, deg
κ ) volumetric absorption coefficient, m-1

λ ) wavelength, nm
µ ) the quantity cosθ, dimensionless
F ) reflectivity
Φ ) primary quantum yield, mol einstein-1

τ ) variable defined in eq 15, dimensionless

Subscripts

a ) air property
B ) reactor bottom property
cr ) critical value
D ) direct radiation
F ) relative to formic acid
Fe2+ ) relative to ferrous ion
Fe3+ ) relative to ferric ion
in ) incident radiation
p ) plate property
P ) relative to hydrogen peroxide
r ) refracted radiation
R ) reactor property
S ) diffuse radiation
Tk ) tank property
w ) water solution property
wall ) wall property
λ ) indicates a dependence on wavelength

Superscripts

0 ) initial condition
t ) thermal rate

Figure 4. Model and experimental relative concentrations vs time: (a)
formic acid, (b) hydrogen peroxide. Key: Fenton (dashed line), photo-Fenton
(solid line), 298 K (4, 2), 313 K (0, 9), 398 K (], [).

Table 6. Flat-Plate Solar Reactor: Comparison between Fenton and
Photo-Fenton Percent Conversions (t ) 20 min)

temperature
(K) Fenton photo-Fenton

enhancement
(%)

298 experiment 13.5 38.5 186.0
model 11.9 37.8 217.5

313 experiment 35.6 61.9 74.0
model 38.7 61.6 59.4

328 experiment 89.2 95.8 7.4
model 89.8 95.1 5.8
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* ) air property
′ ) glass plate property

Special Symbols

〈...〉 ) average value over a defined space
... ) averaged value over the wavelength interval
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