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Performance of Nonconcentrating
Solar Photocatalytic Oxidation
Reactors, Part I: Flat-Plate
Configuration

A monconcentrating flat-plate photoreactor has been fabricated and fested noan
ourdoor solar photocaralyric oxidation facility, It has been demonstrated that 4-
ciforophenol (4CP) is successfully oxidized when opergring under either sunny or
clowdy atmospheric conditions. Tests have been conducted with the photocatalyst,
ritanium dioxide (Ti0s), either mived into the 4CP sofution fo form a slurcy or
adhered to a fiberglass mesh in o fived configuration, The reaction rate constan!

for the slurry mode is typically two to five times greater than that Jor the fixed

catalvse mesh tested ar similar ultravioler | UV) insolation conditions. In addition,
the regetion rate constant appears fo vary lnearly with the UV insolation, and it
shows no dependence on liguid film thickness in the shurry mode, but appears (o
vary finearly with the inverse of film thickness in the fived catalyst mode, All tests
were performed in the laminar flow regime, Design reconymendations Sar industrial

development are presented,

Introduction

The use of ultraviolet (UV) radiation in canjunction with 2
photocatalyst 1o oxidize potentially toxic agueous compounds
has been the subject of numerous invesitgations (see Ollis et
al. (1989) for a recent review). Ahmed and Ollis (1584) were
among the first groups to utilize the UV component of the
solar spectrum to drive photocatalytic oxidation reactions of
arganic compounds on & laboratory seale. There has been great
interest in developing solar photocatalytic oxidation facilities
for commercial applications. Pacheco et al, (1990), Pacheco
and Tvner (1991}, and Pacheco et al. (1991) have wiilized solar
concentrators to photocatalytically destroy trichloreothylene
(TCE) in water. However, the prohibitive cost associated with
solar concentrators limits their usefulness Tor industrial ap-
plications when compared against competing wastewater treat-
ment technologies (Link and Turchi, 1991). In contrast,
nonconcentrating reactors have the potential for low cost de-
velopment. In addition, concentrating reactors only make use
of the direct component of the UV solar insolation, while
nonconcentrating reactors utilize both the direct and diffuse
components, Saltiel et al, (1992) have suggested that the diffuse
component of UV radiation in some climatic regions can be
as much as, or in some cases even greater than, the direct
component. Since water vapor does not absorl UV radiation,
nonconcentrating reators may also be used during cloudy at-
mospheric conditions,
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The objective of this investization is 1o explore the feasibility
of using low cost nonconcentrating reactors, which make use
of both direct and diffuse incident UV radiation, for treating
wastewater in solar photocatalytic oxidation facilities, In ap-
plications where the wastewater contains a high concentration
of vaolatile organic compounds (VOCs), the facility must be
enclosed ta prevent excessive diffusion of the solute to ambient
air. The reactor configuration considered herein is a flat-plate
trickle flow type with a thin Kynar glazing, which prevents
contact between the wastewater and ambient air. Tests have
been conducted using an agueous solution of d-chlorophenol
(4CP). The photocatalyst, titanium dioxide (TiD;), is intro-
duced into the catalyst by two different means. In the first
method it is suspended in solution to form a slurry. In the
second method it 35 adhered 1o a fberglass mesh, which is
fixed within the reactor, As the solution flows through Lhe
reactor, it comes in contact with the catalyst. The results from
this investigation suggest that nonconcentrating photoreactors
successfully desrade 4CP over a wide range of operating con-
ditions and are a potentially inexpensive alternative 10 solar
comcentrators. Under all conditions considered, the slurry con-
figuration shows better performanes than the fixed catalyst
mesh.

Fxperimental Facility

The batch-type solar photocatalytic oxidation facility used
for the present investigation s shown schemarically in i:‘ig, 1
The 4CP solution to be treated is prepared and stored in 5 3'}-‘*,:~
| (100 gallon) stainless sieel tank. A mixer is installed in the
tanik to insure that the solution remains well mixed. The outlel
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Flg. 1 Schematle diagram of a flat-plate reactor solar photecatalytic
oxidatlon fazility

of the tank feeds the suction side of a $tainless steel centrifugal
pump. A Brooks 1110 rotameter with a stainless steel float
and full scale reading of 0.28 /s (4.5 gpm) is used to record
the system flow rate. From the outlet of the rotometer, the
fluid is pumped into the rcactor where it trickles through the
réactor and gravitates back to the 379 1 (100 gallon) stainless
steed tank. All of the system plumbing is comprised of Kynar
and stainless steel 12.7 mm (0.5 in) [D tubing and compression
fittings. Thus the 4PC solution contacts only Kvnar and stain-
less steel, both of which are inert,

The nonconcentrating flat-plate trickle flow reactor consists
of a rectangular stainless steel flar backing plate with dimen-
sons 2438 ¥ 1108 % 1.3em (96 % 44 = D.5in) as is shown
in Fig. 2. A spray bar, which serves to evenly distribute the
solution, is located near the top of the reactor. The spray bar
has 39 evenly spaced 2.4-mm (3/32 in.) holes drilled along its
length. In the slurry configuration an uncoated fiberglass mesh
covers the backing plate in order to damp out surface waves,
and also to further even the flow distribution. The plain fi-
berglass mesh is easily removed so that a Ti0; coated mesh
may be installed in its place. The TiQ. coated mesh was ob-
tained from a commercial vendor. Electran microscope pho-
tographs of the mesh clearly elucidated the Ti0: microstructure,
but it was not possible to extract reliable quantitative infor-
mation on the TiQ; loading. A 0,127-mm (0.005 in.) thick
Kynar glazing, with a UV transmittance of over 90 percent,
covers the reactor. In order to seal the Kvnar, it is clamped
between Gortex (malleable Teflon) sealing strip. Two 12.7-mm
(.5 in.) drain holes have been located ar the bottom of the
reactor, The drain holes must be large enough for the solution
to gravitate out of the reactor at the same rate it {s pumped
in. It has been found that the reactor drain becomes ineffective
at a flow rare above 0,16 175 (2.3 gpm) and thus constrains the
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Fig. 2 Schematic diagram of a flat-plate reactor

maximum flow rate achievable with the current facility. The
reactor faces due south, and all tests have been conducted with
the reactar tilted at an angle of 16.5 deg from the horizontal.
This angle was chosen because when testing was initiated, i
putthedirect component of the insolation normal 1o the reactor
ar solar noon.

The temperature of the solution at the inlet and outlet of
the reactor as well as that of the backplate are recorded with
tvpe T thermocouples. The wotal solar insolation is measired
at 16.3 deg from the horizontal and in the horizontal plane
using Eppley PSP pyronometers. The UV portion of the spec-
truem (295 fm to 383 nm) is measured in the same planes using
Eppley UV radiometers. A digital data acquisition system is
used to process the analog signals from the radiometers, oy~
ronometers, and thermocouples, The data acquisition svstem
consists of an Access 16 channe] multiplexer eard with a 12
bit analog to digital {A/D) converter. The A/D converter has
d programmable gain ranging from 1 to 1000 with a maximum
throughput of 45 kHz, The UV insolation recorded with the
digital data acquisition system is accurate 1o within =2 percent.

The concentration of 4CP in the reaction solution was de-
termined by flourescence assay, The fluorescence memsire-
ments were carried out using a SPEX F112A fuorimeter
aperating in the single-photon counting mode. The protocol
for the assay was as follows, The samples from the test were
allowed to stand in the dark for 12 hours during which time
the TiOy slurry settled to the bottom of the sample vials, The
concentration of 4CP in the settled samples was determined
by placing a 3 ml aliquot of each sample {experiments showed
the 4CP does not absorb onto the Ti0s) in o guartz fluro-
rescence cuvette and measuring the fluorescence intensity at
310 nm while exciting 21 280 nm. The instrument was calibrated
between each sample by determining the fluoreseence intensity
of a “standard™ agueous solution with [4CP] = 1.00x 10~
M. Since 4CP is photochemically reactive when exposed to 280
nm UV light, the standard solution was changed between sach
flourescence measurement, and the length of time the samples

Nomenclature
C = concentration of solute (M) ;bR :
O o= igiu’a] solute concentration (M) Re = QI Revnolds number § = tljfﬂmu film thickness {m or mmi)
W .
e - oA E s R 4 + = Toaied L= = -
c = = dimensionless solute con t = time coordinate {s) b i TREGIOEStD tank-volume ra
o
g 5 i [ E : i
; LLHLTEEIL'IUH ..:,:,M o - W = % dimensionless time !If:‘-' P
= average sty ¥ L : . :
SYETRRE: UV, IRTengity. [W/ i) R 3 k = ——, dimensionless reaction
& = reaction rate constant {5 Vi = reactor voiume {m” or 1) o
& = volumerric flow rate through Vr = tank volume (m” or 1) rale constant
Facility (m’/s ar L/s) w = reactor width (m or cm) v = kinematic viscosity, (m*/s)
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were exposed to the 280 nm UV excitation light was minimized.
Calibration experiments were carried out and it was determined
that the fourescence intensity is a linear function of [4CP]
aver therange | % 1078 M < [4CP] <2 % 107" M and that [4CP]
could be accurately determined for [4CP]= 5« 1075 M,

An important parameter for characterizing the reactor per-
formance is the mean thickness of the falling film. The mean
thickness of the liguid film was determined using a guick-
closing valve rechnique which has been extensively used for
two-phase flow and has been elaborated on by Hewitt (1978),
The technigue involves simultaneously closing valves at the
inlet and outlet of the reactor and measuring the volume of
liquid trapped within the reactor. The ratio of the liguid volume
1o the reactor aperture is the mean film thickness, The mean
filen thickness was calibrated as a function of liguid flow rate
and is shown in Fig. 3{a) for the slurry configuration and Fig.
3(M) for the fixed catalyst configuration.

Test Procedure

The initiation of a typical test involves preparing the 4CP
solution and the TiOs slurry. Delonized water (36.8 1, 15 gal)
and 4CP{730 mg, 5.7 mmol) are mixed in the storage tank to
obtain a 1.0% 107* M solution. TiO; is then added to produce
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the desired slurry concentration (0.1 percent or (L01 percent
Ti:; by mass) and the tank lid is put in place. When operating
in the fixed catalvst mode, TiQ, is not added to the solution.
With an opague cover placed over the reactor, the slurry is
circulated through the facility and the throtfing valve 15 ad-
justed until the desired flow rate is achieved, Once the digital
data acquisition systemn is-activated, the cover is removed from
the reactor and the test begins, At specified time intervals,
typically Tive minuies on a sunny day and ten minutes on a
eloudy day, a 20 mi sample of the test solution is drawn from
a ncedle valve located between the pump and the flow meter.
Al the completion of the test, the treated solution is pumped
to & concrete basin where it is prepared for cnvironmental
disposal, Then the facility is thoroughly flushed out, first with
tap water and subsequently with delonized water,

Experimental Results

It has been experimentally observed that first-order kinetics,
ie,, I' = = kC {where I' is the rate of solute decomposition
per unit volume, C is the solute concenteation, and & is the
reaction rate constant), are sufficient for characierizing the
rhotocatalytic destruction of 4CP, The algorithm developed
by Klausner et al. {1993) for determining reaction rate constants
in batch-type facilitics is used here for data analysis. It should
be noted that the reaction rate constant determined hergin, &,
is rot the traditional rate constant used in reactor engineering.,
Due tothe nature of the photocaralytic reaction, it isa function
of external svitem parameters such as UV insolation, TiO;
loading, and possibly degree of mixing in the fluid, 1t may
also depend on the geometry of the photoreactor. Therelore,
the reaction rate constants reported here are used as a measurs
of the performance of the trickle flow reactor evalulated in
fhese (ests.

Figure 4{a) shows the nondimensional concentration history
of 4CP solution on a typical sunny day while operating in the
slurcy mode, The dimensionless tank concentration, Cy , and
time, ¢, are, respectively, given by
= and * S
O, Vg
where C, is the initial tank concentration, @ is the volumetric
flow rate through the reactor, Mg is the reactor volume, and
the subscript *'2' denotes the tank, It is noted that Ar" = 1
is equivalent to one residence time. The operating conditions
for the data in Fig. #{a) are as follows: TiO, loading is (.1
percent, volumetric flow rate, @ = 0.032 1/ (0.5 gpm); and
liquid film thickness, & = 0.52 mm. For a reactor-1o-tank-
volume ratio of v = 0.024, the nondimensional rate constant
% is 0.29, where ¢ = Fp&k/0. This nondimensional rate con-
stant, &, is determined using the computational algorithm de-
scribed by Klausner ct al. {1993). The corresponding value of
k. for the conditions shown in Fig. 4(a), is calculated to be
(.0069 sec” ', All values of & reported have an estimated error
within =10 percent due to uncertainty in the fluorescence
analysis. The UV insolation corresponding to the data in Fig.
4(g) is shown in Fig. 4({h}., It is seen that the UV insolation
increased by about 1/3 over the two hour test period. The
Revnolds number, Re, based on the liquid film thickness is
15, which indicates the flow regime is laminar according to
Fulford (1964) (flow is laminar for Re< 300, flow is turbulent
for Re=400). The upper limit on the volumetric Mow rate
using the current reactor is 0,158 145 (2.5 gpm} which corre-
sponds to & Revnolds number of anly 175, In order to achieve
turbulent flow with the current reactor design, the drain would
have to be enlarged to allow a throughput of at least 0.360 1/
5 (5.7 gpm), Since all tests were conducted in the laminar flow
regime, itis not clear as to what effect operating in the turbulent
flow regime would have on the reactor performance, Figure
5{a) shows the nondimensional concentration history of 4CP
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