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Abstract - The photoactivated degradation reaction of rhodanB (RB) was studied using P-25 3iO
(Degussa) as catalyst. Three process variablempetature, initial pH, and catalyst concentratiowere
evaluated. Temperature had a slight effect on i@acate; however, the combined effect of pH antlyat
concentration was greater. pH affected the catalgsticle’s adsorption of RB, altering the reactrate. The
concentration of the catalyst was significant ompyto 0,65 g L'. The effect of temperature was studied at
optimum pH and 50°C was found to be the optimunratmnal temperature. The effect of the presenca of
surfactant (sodium dodecylsulfate, SDS) and iowintaminants (Cland SQ") in the reaction system was
also studied. The surfactant improved the catalyatisorption of RB by more than 80%, increasing the
degradation reaction rate as well. The ionic coitants reduced the reaction rate.
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INTRODUCTION The main technologies available for the treatment
of dyes involve the transfer of the pollutant fr@am

The contamination of water supplies by organic liquid phase to another phase, concentrating tiee dy
molecules is an increasing problem mainly because on an adsorbent, for example, so that it can lager
many of these molecules are not readily degraded by discarded in a landfill or incinerated. This phase
conventional methods for the treatment of effluents exchange is not an ideal remedy; destructive
(Matthews, 1991; Gogate and Pandit, 2004). This oxidation treatments provide more permanent
problem has increased with the development of the solutions (Matthews, 1991). An alternative for the
textile industry because many of the pollutants are removal of dyes is photocatalytic degradation. This
dyes used by them. Besides causing visual pollution kind of process enables the complete destruction of
this kind of pollutant has high levels of toxicity, the pollutant and has been studied thoroughly durin
nonbiodegradability and resistance to destruction the past 20 years, especially for liquid and gaseou
(Wu and Zhang, 2004). effluents (Ligiang et al., 2003).

Rhodamine B (RB, £H3iN,OsCl) is one of the The photoactivated chemical reactions are
most important dyes of the xanthene group anded us characterized by a free radical mechanism. The
in many industrial processes, such as paper dggidg photocatalytic mechanism, which occurs at the
the production of dye laser (Ma and Yao, 1998). surface of the catalyst (semiconductor), substiiytia
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enhances the rate of free radical generation, andto be the most efficient in photoactivated reacion
hence the rate of degradation. When a catalyst is (Hermann, 1999; Gogate and Pandit, 2004).

illuminated by a photon with a wavelength longer
than the difference between its valence band and it

conduction band, an electron is promotegLy),

creating an electron-hole pair. This hoh{,g) has a

EXPERIMENTAL

The catalyst used was P-25 titanium dioxide

positive charge and reacts with the adsorbed water (TiO2) with a 30 nm mean particle size and a BET

molecules on the surface of the solid, producirg th
radical OH°, which has great potential oxidizatmn

organic molecules. The simplified mechanism is show
in equations 1, 2, 3, and 4 (Ma and Yao, 1998;
Almquist and Biswas, 2001; Gogate and Pandit, 2004)

hv

+TiO, + - hyp +&5 (1)
€ *O - G (2)
hve + Hy Oags — HagstH ad 3)
HO, .+ RB — Products + H Qu (4)

In the above equations,ht” represents the
photon that initiates the reaction and the subscrip
"ads" indicates that molecules are adsorbed on.TiO
Once the reaction has begun, the molecules
generated by the oxidation of the RB (products) can
be adsorbed on the Tj@nd oxidized again, due to
the constant formation of OH®° during the irradiatio
period (Ma and Yao, 1998; Almquist and Biswas,
2001; Gogate and Pandit, 2004).

Published studies have dealt with the degradation
of RB using TiQ films (Ma and Yao, 1998, 1999;
Ma et al, 2001; Wu and Zag, 2004) using sand-
supported TiQ (Matthews, 1991) and ZnO as
catalyst (Yu et al., 2004). However, no study was
found that evaluated the effect of process vargble
such as temperature, pH, and Ti&@ncentration, on
the velocity of degradation of the RB. This effet
the main objective of the present paper.

The catalyst used was Degussa P-25, considered

Sample

collection

Heating

water

surface area of 50 Tyj*, supplied by Degussa. The
UV radiation source was a black light lamp, capable
of emitting UV radiation within the range of 320 to
400 nm with the maximum peak at 352 nm, which is
the best range for the catalyst (Hermann, 1999%. Th
greatest advantage to using a black light lampas t
they are considered cold lamps, i.e., they emiy ver
little radiation in the infrared range, resulting i
slight heating of the solution.

The rhodamine B was obtained from Grupo
Quimica. A solution of 0.01 mol £ NaOH was
prepared to adjust the pH of the system. The
surfactants SDS, sodium chlorate, and sodium sulfat
were PA grade. The entire water supply used had
been previously distillated and deionized.

A solution of 800 mL RB — with a 20 mg'L(4.2
10° mol L™) concentration and the P-25 catalyst — was
irradiated (3.8 mW cif) in a glass reactor. The reactor
was open to the atmosphere, was jacketed and bad th
following internal dimensions: 10 cm in diametedan
13 cm in height. The reaction system temperatui® wa
monitored with a thermocouple and kept constard by
thermostatic bath. Magnetic stirring was used to
maintain homogeneity and air was inserted at the
bottom of the reactor by an air compressor.

The radiation source was placed 2 cm above the
solution level. All compounds were fixated in a way
that their relative positions were not altered from
one experiment to the next. The top part of the
reactor, open to the atmosphere, was protected by
aluminum foil, as were the sides and the bottom of
the reactor in order to guarantee maximum use of
the radiation and to prevent the effects of externa
radiation. Samples were collected with the help of
a syringe. An illustration of the reactor can berse
in Figure 1.

Air entry and
Thermocouple

¢ Magnetic stirrer™,

Figure 1: Schematic diagram of the photocatalytic reactor.
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Preliminary Tests and Analysis M ethodology analysis of the adsorption of rhodamine by titanium
dioxide. It was observed, through experiments
The reaction was monitored by the discoloration conducted without the use of light — dark

of the reaction system, using a Carry-300 experiments — that after one hour the adsorbed
spectrophotometer. The first step was to perform a amount reached a constant value. Based on this, the
scan from 200 to 800 nm with the objective of reaction system was maintained in the dark and
choosing the wavelength that had the highest under constant stirring with a magnetic stirrerdae
absorbency of a RB solution. The wavelength chosen hour to improve contact between RB molecules and
was 553 nm. In order to determine the concentratio TiO; particles. This phase, prior to activation of the
of the remaining dye a correlation curve was made radiation source, is important to assure that when
by measuring the absorbency of RB solutions with reaction begins, the variation in dye concentration
known concentrations. A 0.993 correlation due to degradation is not mistaken for the vanmatio
coefficient was found for the relation between due to adsorption. Degradation tests carried out
absorbency and concentration. without TiO, did not demonstrate meaningful
The method chosen to separate the catalyst from degradation, supporting  the photocatalytic
the samples collected was centrifugation. Filtenhg  characteristic of the RB degradation.
the samples was not an option due to the filter's
adsorption of the dye, increasing the error. Tam@ss  Study of Significant Parameters
that the catalyst would not interfere with the
measurements, tests were carried out where the With the objective of conducting an initial
duration of centrifugation was gradually increased evaluation of three important parameters of
until the absorbency of the centrifuged solutiorswa photocatalysis (Gogate and Pandit, 2004),
the same or lower than that of the solution without temperature, pH, and catalyst concentration, an
the addition of a catalyst. experimental factorial € planning shown in Table
Another important test carried out was the 1 was employed.

Table 1. Configuration adopted for thefactorial planning.

Variable Symbol - +

Temperature (°C) X1 40 50
pH X2 6 8
Catalyst concentration (g} X3 0.2 0.3

Besides the variables of the operation, the passibl effect of the alteration of each process variabés w
effect of chemical species on the adsorption ofaiR&, the apparent velocity of the reaction (k) assunang
consequently, on the reaction rate was investigateel first-order reaction. The value for k was calcutate
chemicals studied were an ionic surfactant, sodium based on research presented by Ma and Yao (1999),
dodecylsulfate (CkCH,)1;0SQNa, SDS), and two assuming the reaction obeys pseudo-first-order
inorganic salts, NaCl and h&O;. kinetics. The degradation rate is shown in Equation

According to the literature (Zhao et al., 1998 th 5 and 6, where "C" represents the dye concentration
surfactant was expected to increase the catalyst’'sand "t" the time.
adsorption of RB. Experiments were therefore

carried out to evaluate how the increase in adgorpt -dC/dt=kC (5)
affects the reaction rate of RB degradation. The
radiation source used was UV light, complementing |n (Cy/C) =kt (6)
the work of Zhao, where visible light was used.

The CI and SQ ions reduce the catalyst's Beer's law says that In¢giC) equals In(A/A),

adsorption of the dye (Gogate and Pandit, 2004). where A is the solution absorbency at time zero and
Furthermore, these ions can react with the OH° A is the solution absorbency at a time t, aftenitg
radicals and absorb UV radiation, which also reduce on the lamp. Based on this relation, graphs showing
the reaction rate. In(Ay/A) versus time were made, where k was
The response variable chosen to analyze the obtained from the angular coefficient. The accuracy
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of the pseudo-first-order approximation can be two levels of these effects can be considered
verified by the correlation coefficient. significantly different.

The significance of this second-order effect can
be explained by the effect of pH on RB adsorption
by the catalyst. At a pH of 8 the absorbency is
higher, and because of this, the effect of catalyst
concentration is felt more at this pH than at pH 6.

In Figure 2 the variation in RB concentration

The values obtained for k in each experiment are during the degradation reaction is shown for
shown in Table 2, along with the mean of the experiment 8 of the experimental planning, which
deviations in relation to the mean of each repmetiti had the highest degradation apparent velocity.

Based on the values obtained for k and the mean For a reaction time of three hours, the initial
deviation observed, the effects were evaluated. The concentration measured was 16.94 mh dnd the
analysis of these seven effects — of the firstpsegc final concentration was 3.4 mg‘lLThis variation in
and third order — was done by analysis of variance concentration, 13.54 mg™iin 3 hours, corresponds
(ANOVA: Analysis of Variance), through routine to a degradation of approximately 80%.
calculations implemented with Matlabsoftware. Linearization of the curve in Figure 2 is shown in

Of the effects studied, only two can be considered Figure 3, where In(#A) is related to reaction time.
significant: temperature and the interaction betwee This graph demonstrates that the degradation oeacti
pH and catalyst concentration. Mathematically, this corroborates the pseudo-first- order kinetics, esitie
implies that the means of the groups that makénap t correlation coefficient of the tendency line wag9931.

RESULTSAND DISCUSSION

Factorial Planning

Table 2: Results of the factorial planning.

Figure 2: Variation in RB concentration with time. (T = 509H = 8,
and catalyst concentration = 0.3 g)L

Brazlian Journal of Chemical Engineering

Exp. X1 X2 X3 Mean k (min10%) Deviation %
1 - 8.51 2.99
2 + 9.40 2.71
3 + 7.95 1.16
4 + + 8.29 4.20
5 + 8.48 2.30
6 + + 9.23 1.00
7 + + 9.56 5.68
8 + + + 9.68 5.66

Mean value of the deviation 3.21
1.2
1.0
0.8
S os ¢ .
© 0.4
L 4
0.2
0.0 + T T T
0 50 100 150 200
Time (min)




A Study of Process Variables 33
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Figure 3: Linearization of the curve in Figure 2. (T = 50%¢ = 8,
and catalyst concentration = 0.3 g)L

Effect of pH than that of the experimental error, which was 3.2%
This result differs from that presented by Yu let a
Since the experimental planning showed that for a (2004), where the catalyst used was ZnO. In thidyst

variation in pH from 6 to 8, the reaction rate vas an optimum range of 6 to 7 was obtained for the pH,
significantly affected, five more tests were cairie  with a low velocity for values of pH that were more
out for pH 4.3 (natural pH of the solution), 6,9, acid than 6 or more basic than 7. The difference

10, and 12. In Figure 4, the values for the apgare between results can be attributed to the diffesgr@ of

velocity of the reaction are shown as a function of catalyst used. This observation is sustained byvtrk

the initial pH of the system. presented by Gogate and Pandit (2004), where the
The variation in pH within the range of 6 to 10 authors suggest that experiments should be camied

does not significantly affect the degradation rate to obtain the effect of the variation in pH for leac

the rhodamine. This result confirms what was substratum-catalyst pair.

observed through the experimental planning. When  With the intention of maximizing the catalyst

the initial pH falls outside this range, either abwor adsorption of the substratum, a pH of 8 was chosen

below, an average reduction of the reaction rate of for the experiments to analyze the effect of

approximately 28% can be seen. This value is highe temperature.

0.011
~—~ 0.011 §
p= R t ¢
£ 0.009 A
é 0.008 -
S 0.007 ¢
© ®
= 0.006 -
0.005 ; ‘ ‘ ‘
4 6 8 10 12
pH

Figure 4: Variation in apparent rate of reaction with irlifbéd.
(T = 50°C; catalyst concentration = 0.3 gL

Effect of Catalyst Concentration increase in catalyst concentration.
The results obtained support the behavior described

The effect of catalyst concentration can be seen in by Hermann (1999) and Gogate and Pandit (2004).
Figure 5, which contains the values of apparermtima These studies evaluate the increase in reactienwtt
ratefor different concentrations of catalyst in ¢ L catalyst concentration as evidence that the prasess

In analyzing Figure 5, it can be seen that the photoactivated. The point at which the velocity no
apparent reaction rafacreases with the increase in longer increases with an increase in catalyst
catalyst concentration up to a concentration d50. concentration is considered the maximum value ef th
g L™, which corresponds to an apparent velocity of concentration of catalyst that can be exposed to UV
13.55 16° min™. Beyond this value the rate tends to radiation. This is due to the geometric factorsthaf
stabilize and the there is a smaller alteratiorn e reactor and the power of the lamp.
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Figure5: Variation in apparent reaction rate with catalystaentration.
(T =50°C; pH = 8).

Effect of Temperature mentioned by Hermann (1999) as well as by Gogate
and Pandit (2004). When working at a low tempeegtur

The effect of temperature on the apparent velocity the desorption of the products formed limits the

of the reaction is shown in Figure 6. It can be reaction because it is slower than the degradatidhe

observed that the optimum range of operational surface and the adsorption of the reactants. Ootltes

temperatures is from 40 to 50°C, corroborating what hand, at a higher temperature, the limiting stage

was observed through the experimental planning, becomes the adsorption of the dye on the,.TiO

where the increase from 40 to 50°C did not The previously mentioned authors foresee an

significantly affect the reaction rate. optimum range of temperature with a small effect on
The fact that a photocatalytic reaction has atpmin reaction rate, as long as the experiment is caoigd

an optimum range of operation between 20 ani@ &9 near the middle of the range of 20 to 80°C.

0012
G~ o001 . .
c .
= 0.008 -
E .
e 0.006
A2 0.004
0.002 : : : :
20 30 40 50 60 70
Temperature (°C)

Figure 6: Variation in apparent reaction rate with operagidemperature.
(pH = 8; catalyst concentration = 0.3 g)L

Effect of Surfactant doubled, the increase is approximately 80%. When
surfactant concentration is increased, the apparent

In Table 3 how SDS concentration affects the reaction rate also increases as can be seen ie 3abl
catalyst’s adsorption of the RB is shown. In all These results confirm those presented by Zhao
three cases (without SDS, with SDS at 0.12 mM, and coworkers (1998), where similar behavior was
and at 0.24 mM), catalyst concentration and dark observed for adsorption with dodecylbenzenesulégnat
time adsorption were the same. The quantity DBS, which is from the same class as SDS.
adsorbed, however, increased slightly with SDS The reaction rate with 0.24 mM of SDS was of
concentration. 28% higher than in the experiment without SDS.

An increase of almost 88% in the catalyst's This percentage, however, was lower than that
adsorption of RB can be observed when comparing reported by Zhao and coworkers (1998), where there
the experiment without SDS to the experiment with was an increase of almost 450% for an optimum
0.12 mM of SDS. When the concentration of SDS is value of SDS concentration.

Brazlian Journal of Chemical Engineering
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This behavior can be explained by the fact that
Zhao et al. (1998) used another radiation source,
visible light, which is a different mechanism. \likd
light is preferentially absorbed by the dye, which
needs to be adsorbed by the catalyst in orderj¢otin
the electrons to begin the photocatalytic reaction.
This activation mechanism is known as photo-
assisted (Serpone and Emeline, 2002) and is syrongl
dependent on the dye adsorption.

In this study, UV radiation was used, since it is
efficiently absorbed by the catalyst, thus having a

35

The Effect of 1 onic Species

The results on the effect of the'@hd SQ  ions
are presented in Figure 7. It is shown that botis io
significantly affect the degradation rate.

CI" was the ion that had the most negative effect,
causing a rate reduction of 30% with a salt
concentration of 1 gL With the same concentration
of SQy, a reduction of 14% was observed. These
results are compatible with the work presented by
Gogate and Pandit (2004), i.e., that thé iGh is

smaller effect on dye adsorption. more harmful to the reaction than the,S@n.

Table 3: Comparison between the effects of SDS concentration
on dye adsor ption (Qags) and on apparent reaction rate (Kapp).

SDS Qads Increasein Qggs Kapp Increasein k
(mol LY (9oyegon) (%) (min™) (%)
- 5.04 x 10° - 10.76 x 16 -
1.2 x 10 9.45 x 10° 87.50 12.12 x 18 12.64
2.4 x 10° 17.03 x 1G 80.21 13.80 x 18 13.86
001 & * 504
470009 | . ncl
E . L 2 S
= 0.008
0007 =
Q | |
& 0.006 - - "
0.005 ‘ ‘
0 2 4 6
Salt Concentration (g L'l)

Figure 7: Variation in apparent reaction rate with ion cantcation.
(pH = 8; T = 50°C; catalyst concentration = 0.3%.L
CONCLUSIONS Finally, the effect of Cland SQ@  ions on the
reaction rate was observed. These contaminantshwhi

Process variables, such as operation temperature,are very common in industrial effluents, had a tiega
initial pH, and catalyst concentration significgntl  effect on the reaction rate, with the Glarmful.
affect the photoactivated process. These processes
efficient in the degradation of RB, a dye of indiat
importance. For the configuration used, the optimum
ranges of temperature (40-50°C), pH (6-10), and
catalyst concentration (0.65 ¢).were determined.

The temperature was the variable with the
smallest effect, especially for values near 507@Gis
temperature corresponds to exactly half the range
between 20 and 80°C, which is considered to be the
range where photocatalysis is applicable.

ACKNOWLEDGEMENTS
Special thanks are extended to CAPES for their

financial support and to Degussa for supplying the
catalyst.

NOMENCLATURE

The effect with sodium dodecylsulfate (SDS) acting Solution absorbency 0
as surfactant was also evaluated. The surfactast wa ¢ Dye concentration (mgh)
able to increase adsorption of the dye on the ysatal - Electron with a negative char )

without a comparable increase in reaction rate. CB

created in the catalyst particle

Brazlian Journal of Chemical Engineering Vol. 24, No. 01, pp. 29 - 36, January - March, 2007



36
h\+/B Hole with a positive charge )
created in the catalyst particle
hv Photon that initiates the )
reaction
k Apparent velocity of the (min™)
reaction
t Time (min)
Subscripts
0 Indicates the beginning of the reaction, the
moment when the lamp is turned on;
ads Indicates that the species has been adsorbed
on the catalyst surface;
CB Indicates that the species is in the condut
band of the TiQ,
VB Indicates that the species is in the valence

band of the Ti@
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