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The photocatalytic degradation of gas-phase benzene was studied in an immobilized — annular tube
reactor using titanium dioxide as the photocatalyst. The main and interaction effects due to the influence of
essential process parameters such as catalyst load (5 to 20 g'm™), benzene concentration (0.2 — 3.1 g'm=)
and flow rate (0.2 to 1 I'min! corresponding to residence times of 14 s and 70 s respectively) on the removal
of benzene were investigated, by carrying out experiments that were designed to express statistical signifi-
cance. The main effects plot and Pareto plot provided good insight into the effect of different parameters
on the removal of gas-phase benzene. A new, statistical measurement suggests that low gas—phase benzene
concentration is more important for maintaining high removal efficiencies (96 %) in the photocatalytic
reactor than both catalyst load and flow rate.

Keywords: photocatalysis; gas-phase benzene; titanium dioxide; immobilized photoreactor;
statistically designed experiments

OTCTPAHYBAILE HA BEH3EH BO 'ACHA ®A3A BO HEIIOJABUKEH
DOTOKATAJIUTUYKHU PEAKTOP

doToKATANTUTHYKOTO pacnarame Ha OCH3eH BO racHa ¢asza € CleIeHO BO HENOJBMKEH KPYXKHO-
LIEBYECT PEAKTOP CO KOPUCTEHE Ha THTAHJIUOKCH] Kako (orokaranuzarop. CiieieHH ce IIIaBHUTE, KaKo
1 eeKTUTE OJf MHTEPAKIMjaTa KaKko pe3y/TaT Ha BIMjaHHETO HAa €CEHIMjaTHUTE MPOLECHH MapaMeTpu:
KaTaMTHIKOTO mosHewe (5 mo 20 grm™2), koHmeHTpanujara Ha 6erszen (0,2-3,1 g'm™) u OGp3uHara Ha
mpotok (0.2 o 1 I'min™!, mTo cooaBeTcTByBaar Ha BpeMe Ha npectoj o/ 14 u 70 cexyHu, COOABETHO) BP3
OTCTPaHyBaETO HA OSH3EHOT IPEKY M3BEIyBamke Ha EKCIIEPUMEHTH KOU Ce TM3ajHUPAHH 3a Ja Ce M3pa3u
CTaTUCTHYKATa 3Ha4ajHOCT. [ padpukot Ha m1aBHUTE e(eKTH U rpaduKOHOT Ha [lapeTo oBo3MOXKyBaar 100ap
YBHJ BO e()EKTUTE Ha Pa3jIMuHM MapaMeTpu BP3 OTCTPaHyBameTO Ha OeH3eHOT Bo racHa dasa. HoBoto
CTAaTHCTHYKO MEpEeme YKaKyBa JieKa HUCKaTa KOHIICHTpaIja Ha OEH3EHOT BO racHa (as3a e IMo3HavajHa 3a
OZIp)KyBarb€ Ha BHCOKA €(PUKACHOCT Ha OoTcTpaHyBame (96 %) BO (OTOKATATUTUYKHOT PEaKTOp OJOIITO
KaTJIUTUYKOTO TIOJIHEhE ¥ Op3uHaTa Ha IIPOTOK.

Koayunu 360poBu: hotokarasnmsa; 6cH3eH BO racHa (asza; THTAHAMOKCHT; HCTIOIBI)KCH (DOTOPEAKTOP;
CTATUCTUYKH JIN3ajHUPAHU EKCIICPUMEHTH
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1. INTRODUCTION

The dramatic and debilitating effects of air
pollution are a matter of increasing regulatory
concern. The 1990 Clean Air Act Amendments,
proposed by the USEPA is the most recent ver-
sion of a law that was originally passed in 1970 to
clean up air pollution. Among the different vola-
tile organic compounds mentioned in the CAAA
— 1990, benzene is one of the most commonly
emitted VOC from printing offices, automobiles,
petrochemical plants, petroleum tanks, coke ov-
ens, distillation towers and from industrial facili-
ties where benzene is used as a solvent. On the
other hand, benzene has shown to cause severe
health problems and environmental — related is-
sues, due to their carcinogenic nature as well as
their tendency to form secondary pollutant, viz.,
ozone by reacting with NO,_ in the presence of
sunlight at the ground level. Breathing high levels
of benzene can result in central nervous system
damage, while low levels can cause dizziness,
rapid heart rate, headaches, vomiting and uncon-
sciousness [1]. Among various treatment methods
developed for the degradation of VOCs, that in-
cludes chemical and biological treatment systems
and (or) a combination of both, photocatalytic

oxidation process appears to be a highly effective
technology to decompose high concentrations of
VOCs to harmless end products such as H,O and
CO, at ambient temperatures [2]. Recently, the
gas-phase elimination of VOCs in photo reactors
using suitable photocatalyst such as TiO, has re-
ceived increased attention in process industries
[3]. TiO, irradiating with UV or near UV light re-
sults in the formation of electron-hole pairs on the
catalyst surface. These electrons and holes interact
with adsorbed species producing highly reactive
hydroxyl radicals which in turn initiate redox re-
actions to decompose VOC:s. It is known from the
literature elsewhere that, shorter the wavelength
more is the degradation potential of VOCs in the
photoreactor.

Photoreactors of various configurations
have been developed to serve a wide variety of
purposes and mainly for cleaning a polluted en-
vironment. However, annular fixed-bed reactors
with TiO, coated on the surface of reactor wall
are the most commonly employed photoreactors
owing to their ease of construction and operation
[4, 5 and 6]. The removal efficiencies reported in
the literature for a few VOCs in different types of
photoreactors employing TiO, and UV radiation
are listed in Table 1.

Tablel

Removal efficiencies reported for a few VOCs in the literature

S. i

VOC studied Photoreactor used Concentration Rgm oval Reference
No range efficiency, %

Continuous, fixed-bed (TiO,) flow mi-

1 Benzene croreactor, 8 W, 365 nm 860 ppmv 16.8 7
Tubular, packed with TiO, coated glass

2 Ethylene ring, 8 W, 365 nm 48.99 ppmv 10.7 - 24.3 8
Tubular, packed with TiO, coated glass 5

3 Propan-2-ol fibre, 400 W, 280 - 450 nm 23.1-68.3 g/m 1.9-11.2 9
Tubular, packed with TiO, coated glass 5

4  Toluene fibre, 400 W, 280 — 450 nm 18.7 g/m 1.6 -9.1 9
Tubular, TiO, coated photoreactor, 4 W,

2

5  Toluene 2544185 nm 0.6 ppmv 84 10
Non cylindrical photoreactor fitted with

6 Toluene TiO, coated fabric, 370+250 nm 7 ppmy 7225 1

7 Vinyl chloride Tubular, TiO, coated with silica support, 160 ppmy 80 b

254+185 nm

From NIOSH manual, C, ppmv = C, g/m? x 24460/M
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Application of statistical design of experi-
ments in process development can lead toimproved
yield of a process, reduced process variability, re-
duced development time and overall costs, besides
providing valid, meaningful and objective conclu-
sions. Statistical methodology plays significant
role in analyzing the data where there is a chance
of experimental errors [13]. During lab scale in-
vestigations, the most commonly done routine is
to study the effect of two or more factors/param-
eters on a response variable. Under such a case,
the classical method of studying one parameter at
a time can be inefficient and also needs very ex-
tensive experimental work. Factorial designs are
widely used in such instances that involve several
factors, where it is necessary to study the inter-
actions effect of the factors on the final response.
The two—level full factorial design, which is most
popular, includes all possible factor combinations
at two levels, low and high, for each of the factors.

This paper reports the use of 2* factorial de-
sign to study the effect of process parameters on
the removal of benzene by UV/TiO, process in the
annular immobilized photoreactor. The main and
interaction effects were analyzed for their statisti-
cal significance by performing ANOVA.

2. MATERIALS AND METHOD
2.1. Chemicals

Benzene (99 % purity, Ranbaxy chemicals,
India) and TiO, (CDH Chemicals, primarily ana-
tase, surface area: 15 m*g') were used without
further purification.

2.2. Analytical measurements

Gas-phase benzene concentration was
measured with a gas chromatograph (Nucon Eng.,
India) using a Chromatopak column (1/8” ID,
liquid — 3 % Dexil, solid — Ch-W (AW), 80/100
mesh) and a flame ionization detector. Nitrogen
was used as the carrier gas. The temperatures of
the injection port, oven and detection port were
200, 55 and 210 °C, respectively.
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2.3. Reactor configuration

The schematic of the experimental setup is
shown in the Figure 1. The annular photoreactor
consisted of a cylindrical tube, 3.7 cm inner diam-
eter and 43 cm long, coated on the inner surface
with TiO,. The UV irradiation was provided by a
15 W tubular UV lamp, 2.6 cm in diameter and
43.5 cm long, mounted centrally in the reactor us-
ing the light fitting end caps, giving an effective
annular volume of 234 ml. The UV lamp emitted
predominantly at 254 nm and its intensity meas-
ured by Lutran digital radiometer was found to be
7 u Einstein m2-s™.

Treated air

L

Sampling

port

UV Light

Catalyst coating
Reaction space [!']
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Fig. 1. Schematic of the photoreactor
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2.4. Catalyst coating

The catalyst was coated on the inner sur-
face of the tubular reactor by introducing 10 ml
of ultra sonicated slurry of 20 % TiO,, closing
both the ends and rotating the tube through a spe-
cially designed rotary mechanism at 10 rpm. Hot
air blown through the end caps facilitated uni-
form drying. After 10 minutes coated TiO, film
was calcined in an oven for 8 hours at 200 °C.

2.5. Experimental conditions

Benzene vapor and humidified air
streams were generted by passing oil-free
air through mini diaphragm pumps into bot-
tles containing benzene and distilled water at
room temperature. These were then mixed in
a mixing chamber to produce a well humidi-
fied benzene stream. The saturated moist air
stream at controlled flow rate was passed
through a series of packed colums containing
drying agents silica gel and calcium chloride
dihydrate to get the required level of relative
humidity. The inlet gaseous stream was passed
through the reactor without illumination till
an equilibrium adsorption is attained. After
ensuring steady state, the lamp was turned on
and gaseous samples from the inlet and outlet
sampling port were analyzed at regular inter-
vals. All the experiments were carried out at
ambient temperature (28 + 2 °C) and at a rela-
tive humidity of 55 %.

The performance of the photoreactor
was evaluated in terms of removal efficiency
which is the fraction of benzene removed by
the system, as mentioned in Equation (1).

Removal efficiency, RE, % = 100 x (Cg]. - Cgo) / Cgi
(1)

2.6. Experimental scheme
The 2* factorial design provides the small-

est number of runs with which ‘%’ factors can be
studied in a more systematic manner. The three

factors namely, benzene concentration, catalyst
load and flow rate were investigated at two lev-
els (low and high) and it was assumed that the
response variable, namely removal efficiency is
approximately linear over the range of the factor
levels chosen. The statistical model for a 2* de-

sign would include £ main effects, []2(] two factor

interactions, three factor interactions and one

k-factor interaction. This exemplifies that, for a 2¢
design the complete model would contain 2 — 1
effects. The levels of the factors may be arbitrarily
called ‘low’ and ‘high’ and denoted by ‘—* and “+’
respectively. In this study, a 23 design consisting
of three factors were chosen at their two levels.
The experimental design consisted of combina-
tions of main effects, viz., effect of inlet concen-
tration (A), catalyst load (B) and flow rate (C) and
interaction effects ‘AB’, ‘AC’, ‘BC’ and ‘ABC’.
Besides, a suitable number of runs replicated by
keeping the levels of variables at a center point
(0) provided an estimate of the residual error as-
sociated with the experiments and also the curva-
ture of the response. There were seven degrees of
freedom between the eight combinations in the 23
design, i.e. three degrees of freedom associated
with the main effects of A, B and C, three degrees
of freedom associated with the interaction effects,
and one associated with the interaction between
ABC.

ANOVA was applied to estimate the effects
of main variables and their potential interaction
effects on benzene removal. An ANOVA table is
given at the end of every statistical analysis.

3. RESULTS AND DISCUSSION

The effect of three influencing process
parameters namely benzene concentration,
catalyst load, and flow rate on the removal
of benzene was studied in the annular tube-
type photoreactor using 2* factorial design ap-
proach. The design matrix with the ranges of
parameters and the corresponding response,
i.e., steady state removal efficiency of benzene
is shown in Table 2.

Maced. J. Chem. Chem. Eng. 30 (2), 221-228 (2011)
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Table 2
Full factorial design matrix of the three variables along
with the observed response (RE %) for gas-phase benzene removal

Run Catalyst load Benzene concentration Flow rate Residence time ~ Removal efficiency

order (gm™) (gm™) (I'min™) (s) (%)
1 5 0.2 0.2 70 60.22
2 20 0.2 0.2 70 95.51
3 5 6 0.2 70 9.31
4 20 6 0.2 70 11.63
5 5 0.2 1 14 26.48
6 20 0.2 1 14 62.28
7 5 6 1 14 6.77
8 20 6 1 14 10.55
9 12.5 3.1 0.6 23.4 9.3
10 12.5 3.1 0.6 23.4 9.7

3.1. Main effects of parameters

It can be observed that the benzene re-
moval efficiency varied significantly depend-
ing on the inlet concentration, catalyst load and
flow rate, ranging from 6.77 % to 95.51 %. This
indicates that some of the variables are highly
significant in determining the rate of benzene re-
moval in the photoreactor. The relative compari-
son of the effect of different parameters can be
made from the main effects plot shown in Figure
2. It is clearly evident that changes in benzene
concentration exhibits a greater effect on the re-
moval efficiency of benzene than changes in ei-
ther catalyst load or flow rate, and both of these
parameters together. Also, it can be seen that the
removal efficiency of benzene increases directly
with the increase in the catalyst load, while there
was a decrease in the removal efficiency with
an increase in benzene concentration as well as
flow rate. As the catalyst loading rate increases,
the available active sites on the catalyst surface
increases thereby more pollutants are adsorbed
on the surface of catalyst leading to the higher
removal of pollutants. Similar effect of catalyst
on aqueous and gaseous benzene removal has

Maced. J. Chem. Chem. Eng. 30 (2), 221-228 (2011)

been reported in the literature. Sirisuk et al. re-
ported that conversion of ethylene increased
with catalyst loading rate [8]. In yet another
similar research, as reported by Wang et al.,
benzene removal rate in an optical fiber photo-
reactor increased significantly with an increase
in TiO, film thickness [2]. Lewandowski and Ol-
lis showed that the photocatalytic degradation of
benzene increased multi-fold due to an increase
in the catalyst load [14].

Main Effects Plot (data means) for Removal Efficiency, %
Catalyst load gfm2 Benzene Concentration, a/m3
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2 40 / \
>
g -
é 20
- s -
E S.0 12.5 20.0 0.2 31 6.0
g Flow rate, lbm
& e
s
fol —
=

~g
20
.
02 0.6 1.0

Fig. 2. Main effects plot for gas-phase
benzene removal
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The results further delineated that higher
initial concentration of benzene results in de-
creasing the removal of that pollutant. This
phenomenon could be explained as follows:
during photocatalytic oxidation, the available
surface area of the catalyst becomes insufficient
when excess pollutant molecules are present
near the active sites, and that only partial oxi-
dation could occur at that residence time. This
decreasing removal profiles is consistent with
literature reports [2, 15 and 16]. Anew, when
the flow rate is lower, i.e. the residence time of
the pollutants staying inside the photoreactor
is more, yielding higher removal of pollutants
and vice versa. Fu et al. observed similar results
for the benzene photodegradation in an annular
photoreactor [17].

3.2. Magnitude and the importance

of the effects

Pareto chart provides valuable information
about the magnitude and importance of main and
interaction effects of process parameters on the
response variable. This chart displays the abso-
lute values of the effects, and draws a reference
line on the chart. Any effect that extends past this
reference line can be considered to be potentially
important. From Figure 3 it is evident that indi-
vidual and some binary interaction effects are

12.7
I

Term
&

BC

AC

ABC

0 0 100 150 200 250
Standardized Effect

Fig. 3. Pareto plot showing the influence of process
parameters for gas-phase benzene degradation
(A- catalyst load, g/m’; B- Benxeme concentration, g/m’;
C-Flow rate Ipm)

potentially important. These results confirm that
changes in the concentration of benzene have a
greater effect on the removal of benzene than
both catalyst loading rate and flow rate.

3.3. Analysis of Variance

The results of the factorial design also
yielded the following regression equation for
the benzene removal as shown in Equation (2).

Y=9.66x —25.79x, — 8.84x, — 8.11x x, +
0.26 x x, +7.91xx, + 0.13x x,x, + 35.33 (2)

The statistical analysis of the results
in the form of ANOVA is shown in Table 3.
ANOVA is required to test the significance and
adequacy of the model. The Fischer variance
ratio (F), which is a statistically valid measure
of the fitness of the model, can be calculated
from the ANOVA table, by dividing the mean
square due to model by the mean square value
due to error. The greater the F value from test-
ing, more certain it is that the estimated factors
are real.

The high F values and low P values sig-
nify that the main effects and the 2-way in-
teraction effects are highly significant in af-
fecting the variations in removal of benzene.
The significance of each coefficient and factor
was determined by student w-test and P values
which are shown in Table 4. The P values were
used as a tool to check up the significance of
each coefficient and also to understand the
pattern of mutual interactions between the
test variables. The larger the magnitude of T
value and smaller the P value, the more sig-
nificance is the corresponding coefficients.
Among the main effects on removal of ben-
zene, benzene concentration (77=-286.57, P =
0.002) appears to play a major role than cata-
lyst loading rate (107.35, 0.006) and flow rate
(-98.18, 0.006). This is in accordance with
the results shown by the Pareto chart shown
in Figure 3.

Maced. J. Chem. Chem. Eng. 30 (2), 221-228 (2011)
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Table 3
ANOVA table for gas-phase benzene removal

Source DF Seq SS Adj SS Adj MS F P
Main effects 3 6692.86 6692.86 2230.95 30000 0.004
2-Way interactions 3 1026.94 1026.94 342.31 5000 0.010
3-Way interactions 1 0.14 0.14 0.14 2.13 0.383
Residual error 1 0.06 0.06 0.06
Pure error 1 0.06 0.06 0.06

Table 4

T and P values from ANOVA for gas-phase benzene removal

Term Effect Coefhicient T P

Constant 35.33 392.57 0.002
X, 19.32 9.66 107.35 0.006
X, -51.58 -25.79 -286.57 0.002
X, -17.67 -8.84 -98.18 0.006
XXX, -16.22 -8.11 -90.12 0.007
XXX, 0.52 0.26 2.88 0.213
XXX, 15.81 7.91 87.85 0.007
X XXX X, 0.26 0.13 1.46 0.383

A comparison between the experimental
and model predicted values of benzene remov-
al is shown in Figure 4. The nearly perfect fit
clearly demonstrates the predictability of the
model equation.

80 A

60 -

40 1

20 1

«Benzene Remosal E ficiency, %
R*=0.936

40 60 80

Experimental Values

20 100

Fig. 4. Comparison between predicted and
experimental gas-phase benzene removal
efficiency from model equation
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4. CONCLUSION

Studies on gas-phase benzene removal
by photodegradation in an annular tube photo-
reactor by a 23 factorial design approach yield-
ed statistically significant main effects plot,
Pareto plot and a regression model equation for
benzene removal. The maximum removal ef-
ficiency of benzene was found to be 95.51
% for an inlet concentration of 0.2 g/m’ and
a catalyst load of 20 g/m* and at a flow rate of
0.2 I'min”". The main effects plot revealed that the
changes in benzene concentration have a greater
effect on the removal efficiency of benzene than
changes caused due to variations in catalyst load
and flow rate. From the Pareto plot, the magnitude
and importance of the main and interaction effects
of parameters follow the order benzene concen-
tration > catalyst load > flow rate > catalyst load
X benzene concentration > benzene concentration
x flow rate. The results from this study would
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provide a strong fundamental understanding in
applying the concept of photocatalysis in indus-
trial situations.
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List of nomenclatures,
abbreviations and symbols

Adj MS - Adjusted mean squares

Adj SS - Adjusted sum of squares

ANOVA - Analysis of variance

CAAA - Clean Air Act Amendments

C,; — Inlet benzene concentrations, ppmv

Cgo - Exit benzene concentrations, ppmv

DF - Degrees of freedom

F - Fischer’s variance ratio

P - Probability value

RE - Removal efficiency

Seq SS - Sequential sum of squares

SIDA - Swedish International Development

Agency

T - Student t-test value

USEPA - United States Environmental
Protection Agency

UV - Ultra Violet

VOC - Volatile Organic Compounds

x, — Catalyst load (g-m™)

x, - Benzene concentration (g-m™)

x, — Flow rate (I-min™")

Y - Benzene removal efficiency (%)
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