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Abstract

A corrugated plate reactor configuration was developed and assessed using 4-chlorophenol degradation experiments and mass transfe
tests. Two other reactor systems, a flat plate reactor and a slurry reactor, were examined for comparative purposes. The corrugated plate reac
torwas found to be up to 150% faster and more energy-efficient than a similar flat plate reactor. Its electrical energy per order of concentration
reduction (EE/O) was estimated to be as low as 37 kWhina was close to that of a slurry system. Mass transfer rates in corrugated plate
reactors were found to be up to 600% higher than those in the flat plate reactor. The superior performance of this reactor is due primarily to its
large illuminated catalyst surface area per unit volume, and its ability to effectively deliver both photons and reactants to the catalyst surfaces.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction actor design, which theoretically has advantages in terms

of catalyst surface area per unit volume, as well as photon
Research into photocatalysis has been very active forcapture and distribution on the catalyst surffzle Degra-

the last two decades due to the potential use of this het-dation of 4-chlorophenol was conducted for the purpose of

erogeneous photochemical process in water and air deconfeactor performance evaluation. Two other reactor systems,

tamination. Degradation of different substances, reaction a flat plate reactor and a slurry reactor, were examined for

mechanisms and kinetics, activities of different catalysts, comparative purposes. Mass transfer rates between the bulk

and effects of selected environmental conditions have beenstream and the catalyst films were measured for comparison

studied extensively and many photoreactor systems havewith the observed reaction rates.

been examined.

Despite all the previous work, a commercially compet- 1.1. Corrugated plate photocatalytic reactor

itive full-scale photocatalytic water treatment system has

not yet been widely accepted in practice. The major barrier ~As a result of the low-order dependency of photocatalytic

for photocatalysis to obtain wider industrial acceptance is reaction rates on the radiation intensity and the UV ab-

its high cost as well as its low overall rate and low energy sorption characteristics of Tifilms [3], an effective and

efficiency due, among other factors, to the low-order de- energy-efficient photoreactor must possess: (1) a large illu-

pendency (usually between 0.5 and 1) of reaction rates onminated catalyst surface area per unit reactor volume; (2)

radiation intensity and limited capacity to deliver photons; satisfactory mass transfer capacity between the main stream

reactants to catalyst surfacg. Superior catalysts, more and the surfaces of catalyst films; (3) the capability for the

efficient light sources, or novel photoreactors are required catalyst film to recapture reflected photons; (4) a high ef-

in order for photocatalysis to become more cost-effective ficiency in converting electricity to ultraviolet light. These

and to gain wider industrial application. requirements are in addition to those desired for any pro-
The objective of this work was to experimentally exam- Cess systems, such as low capital, operating, and mainte-
ine the performance of an alternative immobilized Ti@- nance costs, good reliability and operating resilience, and

minimum demand for up- and down-stream treatment steps.

Fig. 1 is a sketch of the reactor used in this study. A

Abbreviations:4CP, 4-chlorophenol; BA, benzoic acid; EE/O, elec- ; ; ;
' o ' : scaled-up version would employ multiple plates in parallel,
trical energy per order (kWh/®);, HPLC, high performance liquid chro- P ploy pep P

matography: TOC, total organic carbon with the catalyst was immobilized and illuminated on both

* Corresponding author. Tek:1-519-888-4567; faxi+1-519-746-4979.  sides of the corrugated plates. A corrugated plate could also
E-mail addresswanderson@uwaterloo.ca (W.A. Anderson). be illuminated conveniently on one side with sunlight. The
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Nomenclature < 700 >
A total illuminated area of the immobilized - iy _
catalyst film (n%) ;
C bulk concentration of 4-chlorophenol %
(mgl) — [ais ]—>
Cs final bulk concentration of 4-chlorophenol ;
(mgl/l)
Cs average concentration of 4-chlorophenol
on catalyst film (mg/l)
Co initial bulk concentration of 4-chlorophenol
(mg/l)
Dscp diffusivity of 4-chlorophenol in water (fih)
Do, diffusivity of oxygen in water (r/h)
I radiation intensity before penetrating the
lamp sleeve (W/rf) 120
kL measured average mass transfer coefficient
(m/h) Fig. 1 Schematic of the_ experimental cor_rugqted plate reactor, with di-
K apparent reaction rate constant (I/mg) mensions in mm. Top view shows flow direction and packed bed flow
. distributor. A cross-section shows the corrugated plate and the UV trans-
Ko empirical model parameter (gfrh) parent cover on top, through which the illumination was applied.
@] bulk agueous concentration of oxygen (mg/l
Os ?i\lvn(:r(argg/soncentratlon of oxygen on catalyst 2. Experimental methods and materials
F :ﬁ;alti?#gv (ehr)lnput (kW) 2.1. Chemicals and catalyst
\% total volume of the reaction medium n
VA total reactor volume (R) Reagent grade 4-chlorophenol (4CP) from BDH Ltd., UK,
was used as the model pollutant. Analytical grade methanol

and acetonitrile from BDH Inc., Canada, were used during
illuminated catalyst film area in a corrugated plate reactor HPLC analysis. Concentrated hydrochloric acid from BDH
could be very high, depending on the dimensions of the Inc., Canada, was used to clean the corrugated plates be-
corrugated plate used. Listed Table lare the illuminated  fore catalyst immobilization. The water used for all the runs
catalyst surface areas of the corrugated plate reactor andvas deionized water filtered with a Milli-Q system. Degussa
of a few other reactor configurations for comparison. Only P25 TiG; was used as the catalyst, either suspended in wa-
the tube light reactof4] possesses an illuminated catalyst ter orimmobilized on stainless steel plates. A procedure for
film area that is higher than those of the corrugated plate the immobilization of TiQ on stainless steel plate was de-
reactors. In addition, the opposing catalyst surfaces in theveloped based on information from the literat{ger]. The
corrugated plate reactor offer a mechanism for capture of plate was cleaned with 20% HCI then dried at 2Q0for

photons which are initially reflected from the surfd2é 2h. A 1804/l slurry of TiQ was created in 25% aqueous

Table 1

TiO; film area per unit reactor volume for selected reactors

Reactor configuration AlVR (M2/md) Notes

Tube light reactdr >1000 Based oif5]; catalyst immobilized on the walls of the lamps; lamps take 75% of
the reactor volume

Multiple tube reactd® up to 45 Reactor structure based [@f; assumed distance between lamp-sleeve assembly:
0.01m; catalyst immobilized on outer wall of the lamp sleeves

Packed bed reactdf up to 80 Assumed distance between the lamp-sleeve assembly: 0.01 m; catalyst immobilized
on spherical packing, 1 cm diameter.

Flat plate ~26

CP reactor (angle 20 up to 115 Reactor structure shown fiig. 1, catalyst immobilized on the surfaces of the
corrugated plates; height of plate is 5cm.

CP reactor (angle 14 up to 165

CP reactor (angle 10 up to 230

CP reactor (angle°y up to 330

2Special lamps with a diameter of 0.0045m in direct contact with contaminated water.
b Assumed illumination source: regular tubular lamp with a diameter of 0.036 m.
¢ Exterior diameter of the lamp sleeve: 0.056 m.
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Fig. 2. Schematic of the experimental system setup.

methanol, and this was painted onto the plate surface in acirculated through the same plastic chamber, in the absence
thin coating. The plate was then dried at 3@for about of a coated stainless steel sheet.
5h, and gently rinsed after cooling.

2.3. Experimental procedure

2.2. Photoreactor and system setup .
Before each experimental run, the reactor system was

Fig. 2 shows the experimental system setup. lllumi- Cléaned by pumping deionized water through it for about
nation was provided with three 40W fluorescent lamps 10min Wlthoutlllumlnatlon.Asmdlcated by the optical den-
(Philips, TLK 40W/10R) placed above the reactor and in SItI€s of the water, this procedur(_a allowed the removal of any
parallel with the lamp sleeve. These lamps emit in UV-A re€sidual compounds from previous runs. The system was
range, with an average wavelength of 353nm. The pumthen drained apd 41 of premixed 30 mg/l 4CP solution was
was a centrifugal magnetically coupled type and all the mtroduceq. This solution was pumped th.rough the sy.st.e.m
water-contacting parts were made from polypropylene. The for 1-5min and then the lamps were switched on to initi-
reservoir was made from a 1000 ml Erlenmeyer flask with &€ the reaction. Samples were then taken from the reser-
ports for inlet, outlet, sampling, pH probe, dissolved oxy- VOIr at different times and analyzed for UV absorbance at

gen (DO) probe, and thermometer. Oxygen required for the 224 nm, for composition, and_for total organic carbon. All
reactions was admitted into the reservoir through an open-the samples were analyzed without any pretreatment except
ing to the ambient air. The reservoir inlet was built to be for those from the slurry reactor, which were centrifuged at
tangential to its wall so that sufficient air could be entrained 2 SPeed of 6000 rpm for 10 min to remove the Tigarticles
through the water/air interface. This allowed the dissolved Pefore analysis.

oxygen level in the reaction medium to be constant at

approximately 7.0 mg/l during all the experimental runs. 2.4. Analysis methods

The temperature was controlled at 26(% with a water

bath. UV absorbance of the samples was measured using a
The corrugated plate reactoFi¢. 1) consisted of an  UV/Vis spectrophotometer (Genesys 2, Milton Roy). Com-
acrylic chamber, a distributor, and a TH@oated corru- position of the reaction medium was determined with an

gated plate, fabricated by bending 1.2 mm stainless steel[HPLC system, consisting of an LKB Bromma 2249 gra-
sheets to predetermined corrugation angles, with an overalldient pump, a Gilson Model 401 diluter, a Gilson Model
height and width of 50 and 80 mm, respectively. The light 231 sample injector, a Regis ODS Il reversible column
transmitting reactor wall was made from a UV-A transmit- (15cmx4.6 mm i.d., 5um), and a Gilson Model 116 UV de-
ting Plexiglas (G-UVT). A stainless steel screen enclosure tector, with peak integration performed on a spectra-physics
packed with 5mm glass beads was used as the water disSP4270 integrator. The eluent contained 45% water, 50%
tributor in the entrance zone of the plastic chamber (before methanol, and 5% acetonitrile and was pumped isocratically
the reaction zone). The flat plate reactor consisted of thethrough the system at a flowrate of 0.5ml/min. The detec-
same plastic chamber, the distributor, and a ftDated flat tor was set at 225-230nm with sensitivities of 0.05-0.1
plate in the chamber placed 2.5 cm from the light transmit- AUFS. TOC (TC-IC) was determined with an Astro 2001
ting wall. The dimension of the catalyst coating was 80 mm UV-persulphate TOC analyzer or a combustion-type TOC
by 500 mm. The plate was made from 3/64 in. stainless analyzer with an infrared detector (TOC-500, Shimadzu
steel sheets (SS-314). The slurry system was formed whenCorporation, Japan). Radiation intensity on the lamp sleeve
the artificial wastewater was spiked with 1 g/l of Hiand was determined with a Spectroline digital radiometer
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(DRC-100X, Spectronics Corporation, New York) equipped 1.0
with a DIX-365 sensor. The microstructures of the catalyst
films were observed under a scanning electron microscope
manufactured by Joel Ltd., Japan.

0.8 1

2.5. Mass transfer measurement L
0.6 1
The benzoic acid dissolution method was adop8&dor

the mass transfer experiments from the surface of flat and
corrugated plates. Reagent grade benzoic acid (BDH Inc.,
Toronto) was coated on a stainless steel sheet of the desired
geometry with a known area, and tap water was pumped
through the reactor (lamps off) in a once-through mode at a
variety of flowrates. The benzoic acid concentration in the
effluent was determined by measuring the UV absorbance 004
of the sample at 226 nm and comparing it with a calibration 0 10 20 30 40 50
curve. During all mass transfer experimental runs, the water Run Time (hour)
temperature was kept constant at 2&5 Steady-state con- ) o

. . . Fig. 3. Effect of Reynolds number on degradation kinetics: flat plate
centration data was used in a mass balance to determine the,- - - plate:Co = 30mgll: 1 — 122Win?: (L) Re = 431; @)
mass transfer rates and average coefficients from the follow-re— 782; (O) Re= 1633; @) Re= 5813; lines: fittings.
ing equation:

0.4

Normalized 4CP Concentration

0.2 +

(C* _ Cin) _ (C* o COUt)
In ((C* _ Cin)/(c* _ Cout))

CoUQ =k A reaction medium dropped from an initial value of around
6.0 to about 3.8 near the completion of the reaction. HPLC
chromatograms showed five UV-absorbing reaction inter-
mediates. The result of a mass balance indicated that the
total organic carbon (TOC) attributable to the intermedi-
ates was much lower than that due to the parent compound
during most of the experimental run time, which agrees
with previous studie$9-12] The fitted lines inFigs. 3—6

hB;ef:)rg the ztarttof dggradsggg experlrr][entt's, the ?:fect of were generated with the parameters obtained by fitting a
PROTOTYSIS and catalysis on 4 concentration protiie was Langmuir—Hinshelwood type of empirical relationship, as
tested and found to be negligible. Dye tracer tests were also

performed and the velocity profile in the reactor was found
to be close to plug flow by visual observation. The opac-
ity of the film was examined by painting the same slurry
onto a UV transmitting acrylic plate and measuring the UV
transmission with the radiometer. Two blank runs were also
carried out in the flat plate reactor using deionized water at
two typical flowrates. The UV absorbance of the samples at
300 nm was found to be constant at zero during the course
of these runs, indicating that the catalyst film was mechan-
ically stable.

The average catalyst weight per unit immobilized surface
area was evaluated by weighing the plate before and after
immobilization and was found to be about 1 mg FiEh?
of the coating. The microstructure of immobilized typical
catalyst films was observed under a scanning electron mi-
croscope. Based on the density and the mass balance of the
catalyst, the thickness and the porosity of the film were es-

3. Results and discussion

3.1. System validation

Normalized 4CP Concentration

timated to be around 30m and 80%, respectively. 0 2 4 6 8 10
Run Time (hour)

3.2. Experimental results _ _ o
Fig. 4. Comparison of 4CP degradation in flat, slurry and corrugated plate

i i . reactors: 4CP concentration profiles: flowrate231/min; Co = 30 mg/l;
Typical experimental results are plott€igs. 3—7 Dur- [ = 122Win?; (O) angle= 7°; (@) angle= 20°; (#) angle= 40°: (<)
ing the course of a typical degradation run, the pH of the flat plate reactor; &) slurry reactor; lines: fittings.
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Fig. 5. Comparison of 4CP degradations in flat, slurry and corrugated plate rig 7 Overall mass transfer rates from a flat plate and corrugated plates

reactors: total organic carbon profiles: flowrate23 1/min; Co = 30 mg/I;
I = 122 Wi/n?; (O) angle= 7°; (@) angle= 20°; (®) angle= 40°; (<)
flat plate reactor; A) slurry reactor; lines: fittings.

expressed ifEgs. (1) and (2pelow:

VdC  KoKC "
A dr = 1+4+KC
1 C A
C=Co— —=In— — =Kot 2
o- g ~vko (2

These fitted lines are useful for interpolation and extrapo-

lation to some extent, but and Kg are not intrinsic ki-

with different angles markers: data; lines: best fittingd) lat plate; @)
angle= 7°; (O) angle= 10°; (@) angle= 14°; (® ) angle= 20°; (<)
angle= 40°.

obtained through more rigorous models incorporating these
effects[13].

Fig. 7shows the average overall mass transfer rates in the
flat and corrugated plate reactors as a function of Reynolds
number. In these measurements, a single corrugated channel
was coated and used to measure mass transfer, and the results
were extrapolated to the total area. Since the smaller angles
have more channels, this extrapolation results in a higher
apparent scatter in the data as the angle decreases.

netic _para_meter_s, since they a_lre_affected by mass transfer Figs. 8 and 9depict the normalized average concentra-
and light intensity effects. Intrinsic parameters have been jjgns of 4-chlorophenol and oxygen on the surface of the

1
c O Re=730
S 084+
T 0 Re=930
§ B Re=1220
c 06+
[e]
o
o
O
Q [
S 044
(0] L
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©
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s o024
2 027
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0 2 4 6 8 10

Run Time (hour)

Fig. 6. Effect of Reynolds number on degradation kinetics: corrugated

plate reactor angle= 7°; Co = 30 mg/l; I = 122 W/n?; ((J) Re= 730;
(O) Re=930; @) Re= 1220; lines: fittings.

catalyst films. The curves in these two figures were ob-

Surface/Bulk Concentration

0.2 _; =T e Oxygen
4-CP
0 I 1 : I : I T 1 : I T 1 : I T ] : I T ]
30 25 20 15 10 5 0

Bulk 4-CP Concentration (mg/L)

Fig. 8. Relative surface concentrations of reactants during 4CP degradation
in a flat plate reactod = 122 W/n?; Co = 30 mg/l; Re= 4313.
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1 4CP when its concentration is higher than about 8.7 mg/l,
i and change gradually to first order as the reaction proceeds
further. The results ifrig. 8agree well with this estimation.

3.4. Reactor performance comparison

The performances of the flat plate, the slurry, and the
corrugated plate reactors in 4-chlorophenol degradation are
\ summarized irFig. 4 (in terms of 4CP concentration) and

Surface/Bulk 4-CP Concentration

04T Ll ,Tf;i'fii Fig. 5(in terms of the TOC of the reaction medium). Based
Angle=7 on the results in these two figures, we find that the best
L corrugated plate reactor{@ngle), was approximately 150%
021 faster and therefore more energy-efficient than the flat plate
reactor. The degradation rates in the corrugated plate and
L slurry reactors were similar.
L The degradation in the slurry reactor was approximately
30 25 20 15 10 5 0

twice as fast as that in the flat plate reactor, which agrees with
one previous observatidi6]. This is due to the enormous
Fig. 9. Surface concentration profiles of 4CP during degradation in difference of the illuminated catalyst surface area between
flat and corrugated plate reactors: = 122W/nf; Co = 30mgl/l; the two systems. Based on the loading, the density, and the
flowrate= 23 1/min. size of the catalyst particle aggregafé} the illuminated

surface area of the catalyst aggregates in the slurry was

estimated to be up to 260 times the surface area in the flat
cPlate reactor. A linear relationship between surface area and
rates would not be expected, due to significant UV scattering
and absorption effects in the slurry reactbr].

As shown inFig. 7, the overall mass transfer rates in cor-

Bulk 4-CP Concentration (mg/L)

tained usingegs. (3) and (4)which were derived based on
a mass balance, two-film mass transfer theory, and the rea
tion stoichiometry, assuming all the reaction intermediates
were negligible:

Cs _ 1— v d_C 3) rugated plate reactors are up to six-fold higher that those in

C k. AC dr the flat plate reactor, depending on the angle of the corru-
2/3 gated plate and water flowrate.

Os _1 416 <D4CP> vV dcC ()

o 257\ Do, kL AO dt 3.5. Effect of corrugated plate angle

3.3. Effect of mass transfer As can be seen frorigs. 4 and Shat the performance

of a corrugated plate reactor is strongly dependent on the

Figs. 3 and &how the effect of Reynolds number on the angle of the corrugated plate. Within the range of the an-
kinetics of 4CP degradation in the flat plate and a corrugatedgles examined, the smaller the angle, the more efficient the
plate reactor. The Reynolds number was determined basedystem. This result is understandable since reactors packed
on the hydraulic radiu$l4] of a triangular cross-section with corrugated plates with small angles offer higher mass
channel. The results in these two figures indicate that the re-transfer capacitiesF{g. 7) and larger areas of the illumi-
actions in both reactors were limited by mass transfer. Itis in- nated catalyst filmsTable J). In addition, it has been shown
teresting to note fronkig. 3that deviations from zero-order that corrugated plates with small angles can also capture a
kinetics occur at approximately the same 4CP concentra-larger fraction of the reflected photof8.
tion, although the Reynolds number and therefore the mass
transfer rates were different. This occurs because the reac3.6. Energy efficiency
tion rate is affected by transfer of both 4CP and oxygen (two
reactants) to the catalytic surface. Since the 4CP concentra- As a method of estimating the energy efficiencies of the
tion was initially much higher than that of oxygen (7 mg/l), processes in which light is an input, electrical energy per
the process was actually limited by the transfer of oxygen order (EE/O) has been used widglg]. The EE/O is defined
until the concentration of 4CP was reduced to such a level as the electrical energy (in KWh) required to mineralize
that the ratio of their mass transfer rates is equal to the stoi-the pollutant in 1 of contaminated water by one order
chiometrically defined one. Based on available correlations of magnitude Eq. (5). Generally, the higher the energy
[14,15]and the diffusivities of these two substances, this cor- efficiency of a system, the lower the EE/O. For reactions with
responds to a 4CP concentration of around 8.7 mg/l. Sincefirst order kinetics, the EE/O offers an unbiased evaluation
the oxygen concentration was kept constant, the degradatiorof the energy efficiency of a reactor system. For reactions
should therefore follow zero-order kinetics with respect to with other types of kinetics, the EE/O becomes a function
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Table 2
Reported energy efficiencies of several reactor configuraf@hs24]
Reactor, illumination source, compound Initial concentration (mg/l) EE/O (KVih/m References
Annular slurry, fluorescent lamp, phenol 94 106 21
Spiral glass coil, fluorescent lamp, 4CP 1.3 az4 22
Spiral glass coil, fluorescent lamp, phenol 76 360 19
Fibre optics bundle, high pressure mercury, 4CP 13 25000 23
Fluidized bed, medium pressure mercury, 4CP 64 each 9300 24

and p-toluenesulfonic acid

Annular slurry, fluorescent lamp, 4CP 32 155 20
Flat plate, fluorescent lamp, 4CP 93 bThis work
CP reactor, fluorescent lamp, 4CP 30 37
Slurry reactor, fluorescent lamp, 4CP 32

2Tygon tubing was used, potentially affecting the results through absorption.

b A lamp energy efficiency of 17% was assumed.

of the initial pollutant concentration and can only be used
for rough estimation purposes:

Pt

EEO=—
Vlog(Co/Ct)

®)
Table 2shows the calculated EE/O values based on this and
previous research on the degradation of chlorinated phenols
Although the photocatalytic degradability of all phenolic
compounds is comparable on a carbon bH<%%, these val-

range examined, the corrugated plate reactor showed an en-
hancement of overall mass transfer rates of up to 400-600%
over that of the flat plate reactor.

Photocatalysis on immobilized TiJilms can be limited
by the transfer of either the oxidant (i.e. oxygen) or the
substances being oxidized (i.e. 4CP) between the reaction

sites and the bulk flow stream. Based on the experimental

results, the photocatalytic reactions in the flat plate reactor

were initially limited by oxygen transfer, but shifted to 4CP

ues can only be used as a rough guide to the effectivenesdransfer limitations as the reactions proceeded.
of the reactor systems examined, due to the inconsistency

of the experimental conditions in different studies. As can

be seen from this table, the corrugated plate reactor offeredAcknowledgements

the best energy efficiency.
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