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Conventionally, the performance of a UV reactor is evaluated using the concentra-
tion of photoreactive chemicals at the outlet vs. the inlet. This research presents a
novel method for measuring the concentration distribution of a photoreactive chemical
inside a photoreactor using a modified planar laser-induced fluorescence method. The
fluence distribution was measured for a pilot scale photoreactor under different oper-
ating conditions. The visualized result of the fluence distribution revealed significant
information about the localloverall performance of the photoreactor. This method is a
powerful diagnostic tool for the determination of the local performance inside a UV
reactor, as well as for the evaluation of models simulating UV reactor behavior.
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Introduction

In 1955, Switzerland and Australia started using UV-disin-
fecting municipal drinking water stations. By 1985, the num-
ber of such stations had increased to 500 and 600, respec-
tively, in these two countries." UV-based photolysis and
photo-initiated oxidation have great potential for the inactiva-
tion of microorganisms and degradation of a wide range of
contaminants in water. The effect of UV on microorganisms
is due to a photochemical reaction caused by the absorption of
radiant energy, which results in photochemical damage to their
DNA and, hence, their inactivation. UV technology is recog-
nized as one of the best available technologies for water disin-
fection. Many major cities in North America including New
York City, with its 6.7 m?/s water consumption, are installing
UV reactors for water treatment. The electrical power con-
sumption of installed UV facilities are 30-180 kJ/m>? Any
improvement in the performance of such a system would lead
to considerable environmental and economic gains.

In addition to disinfection of microorganisms, UV can
also be applied to the degradation of persistent chemical
contaminants in water when used in combination with an ox-

Correspondence concerning this article should be addressed to S. Elyasi at
siamak.elyasi@gmail.com.

© 2010 American Institute of Chemical Engineers

208 January 2011 Vol. 57, No. 1

idant, such as hydrogen peroxide. The mechanism for the
photolysis of hydrogen peroxide is the splitting of the mole-
cule into two hydroxyl radicals, which are highly reactive
components. The redox potentials of hydroxyl radicals, after
fluorine, are the highest among other oxidizers, such as
atomic oxygen and chlorine dioxide.> This implies that
hydroxyl radicals will oxidize most organic persistent con-
taminants.* UV-hydrogen peroxide can be used for treating
water/wastewater that contains contamination levels of
<1000 ppm5 or chemical oxygen demand (COD) levels <5
kg/m>.° The process is applicable to small- to medium-sized
industrial units for the treatment of contaminated water and
for the production of highly pure water for the pharmaceuti-
cal and microelectronic industries.’

The conventional method of evaluating the performance
of a UV reactor is to compare the concentrations of pollu-
tants or active microorganisms at the outlet of the reactor
with those at the inlet.*"'? There has been considerable effort
put into improving this technique by introducing various
chemicals and new methods. Bohrerova et al.'* developed a
method for calculating the received UV fluence through a
photoreactor using photochemically active fluorescent micro-
spheres. This technique was able to calculate the fluence rate
distribution in the UV reactor using the concentrations at
the outlet. Although this method can provide valuable infor-
mation on fluence distribution inside a UV reactor, the
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reactor itself is treated as a black box and the fluence distri-
bution through the UV reactor is not revealed directly.

In this research, for the first time (to the author’s knowl-
edge), a method is presented for mapping the fluence distri-
bution in the entire UV reactor by adapting and modifying
conventional planar laser-induced fluorescence (PLIF). Rho-
damine WT (RhWT), a fluorescent chemical, is resistant to
photolysis, but is oxidized easily by hydroxyl radical.'*'> If
the RhWT solution is excited with a green laser at 532 nm,
the irradiance of the re-emitted light at 588 nm from the so-
lution is linearly proportional to the concentration of RhWT.
This phenomenon can be used to trace UV photoreactive sol-
utions (RhWT and hydrogen peroxide) in a UV reactor to
determine the received fluence by the solution. This qualita-
tive concentration diagnostic method is a very powerful tool
for the nonintrusive visualization of the concentration and
the UV fluence profile inside a UV reactor. This method can
reveal the existence of problematic zones in the photoreactor
at various design and operating conditions. Therefore, map-
ping the profile of concentration and fluence in the reactor
using this method can have a significant impact on under-
standing the reactor behavior. This can lead to alternative
UV reactor designs with improved performance. This
method cannot be used directly for industrial photoreactors,
considering it requires the body of the reactor to be manu-
factured from optically accessible (transparent) material. In
addition, for reactors with relatively large diameter, a scan-
ning method should be employed to first find the concentra-
tion close to the reactor wall and then continue the scanning
up to the center of the reactor, taking into account any ab-
sorbance correction. However, this technique could be
directly used for small pilot scale transparent reactors to bet-
ter understand the reactor behavior. The information
obtained from this method can also be used for comprehen-
sive evaluation of models simulating the performance of UV
reactors (e.g., computational fluid dynamics [CFD] models).

Principles of the measurement techniques

Planar Laser-Induced Fluorescence. Fluorescence occurs
in some chemicals because photons absorbed by the chemi-
cal trigger the emission of more photons with longer wave-
lengths. For a clear solution (no particulates), the re-emitted
radiant energy (or power) can be calculated using the quan-
tum efficiency, ®,, denoting the ratio of the total energy
emitted by a fluorescent chemical per quantum of absorbed
energy. Combining quantum efficiency and the Beer-Lambert
law, the re-emitted power is:
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where Py, Isp, Ty, €5, ¢, Io, n, Zs, [, x, y, and z are volumetric
emitted power, distance of the investigation point from the
light source, portion of light that passes through the solution,
molar extinction coefficient (at wavelength As nm), concen-
tration of all chemicals (index i stands for the ith component
and f for the fluorescent chemical), the intensity of light at its
source, the number of chemicals, wavelength of photons
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leaving the light source, length on the beam pathway, and
coordinates of the studied point in the solution, respectively.
The fraction of light that reaches the point in the solution (7%)
depends on the number of interfaces that the rays pass through
and the characteristics of the interfaces as reflectors.

If the emission of each element in the fluorescent solution
is assumed to be diffusive, the energy captured by an array
of sensors (charged-coupled device [CCD] of a digital cam-
era) or a single sensor is:

Ec(xmyCa Zc)
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where E., T, &5e, lep, Oc, t, AV, AA, O, X, ye, and z, are
energy captured by the sensor (the value of each pixel on the
CCD of camera), the fraction of the emitted light that reaches
the sensor, the molar extinction coefficient (at wavelength Ae
nm), the distance between the sensor and emitter, the quantum
efficiency of the sensor or CCD of the camera, the exposure
(or integration) time of the sensor, the glowing volume
element in the solution, the active area of the sensor or pixel
area on the CCD of a camera, the angle between the normal
vector of the sensor area and the incident ray from the emitter,
and the coordinates of the sensor (pixel), respectively.

Due to the terms involving the absorbance of photons by
the medium, Eq. 2 shows high nonlinearity between the con-
centration of fluorescent chemical in the solution and the
recorded value on the pixels of the CCD of a camera. Equa-
tion 2 can be simplified if the following criteria are respected:

(1) Chemical concentrations are relatively low, in which
case, the absorption of photons (from the source and re-emit-
ted from the fluorescent chemical) can be ignored.

(2) The position of the laser source, the studied solution,
and the camera are fixed during the experiment. As a result,
all constants can be integrated into one factor as a setup
coefficient.

(3) The integration time of the camera is longer than the
lifetime of the fluorescent chemical for a pulse laser source.

As a result, the simplified equation for each point in the
solution and corresponding point on the CCD of a digital
camera is:

T
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where Kenp are Kogrger are the setup and offset coefficients
(slope and intercept) for each pixel on the CCD of a camera.
Omitting the offset term, an equation is derived similar to the
one presented by Karasso and Mungal.16

The setup coefficient (Kyp) takes all geometrical, optical
and operational parameters into consideration. The offset
coefficient (K,fre) 1 the produced analog current by the
CCD of a digital camera when [, is equal to zero (dark cur-
rent), in order to account for any background optical noise.
The term [, should not be omitted because the beam emerg-
ing from the laser is nonuniform due to heterogeneities in
the lasing medium.

Ec(xmyc, Zc)
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Chemical kinetics

Hydroxyl radicals have great potential for decomposing a
wide range of organic and inorganic contaminants in water.*
The hydroxyl radicals can be produced from oxidant chemi-
cals, such as ozone, hydrogen peroxide, and oxygen in the
presence of UV radiation, e.g.,

H,0; + hy — 20H 4)

Hydroxyl radical oxidation, direct oxidation, and photolysis
are the three primary reactions that take place during the
degradation of organic materials in a UV-hydrogen peroxide
system'”:

Direct oxidation : RH (organics)
+ H,0, — Oxidized product + H,O, (5)

Photolysis : RH (aq) + v — RH" — Product,  (6)

Hydroxyl radical oxidation : RH + OH’
— Intermediates — Product. (7)

The rate of reaction of an organic material (in this case, the
fluorescent chemical) is the algebraic summation of all three
of these reactions. The limiting reaction is often the
production of the hydroxyl radicals, which is a linear function
of the UV radiation distribution in the photoreactor. Other
radicals, intermediates, and byproducts are formed and can
potentially react with the organic materials (RH) that is not
shown in Reaction 7. The proposed reaction set is a
generalized form of an UV advanced oxidation process
initiated with hydroxyl radical. To avoid dealing with
complicated mechanisms for reaction kinetics, it is a common
practice to derive the general rate of reactant conversion for
direct oxidation, photolysis, and hydroxyl radical oxidation.
This approach has been taken here, while it is acknowledged
that the proposed reaction rates are the overall rate of
chemical degradation, rather than the true rate for individual
reactions. A more comprehensive reaction mechanism has
been proposed by Tsai and colleagues.'®

Experimental
Materials and chemicals

The fluorescent chemical was RhWT, abbreviated as
RhWT, with Chemical Abstracts Service Registry number
37299-86-8 and the index name xanthylium, 9-(2,4-dicarbox-
yphenyl)-3,6-bis(diethlamino)-, chloride, disodium salt in a
20 wt % aqueous solution. RhWT is a bright fluorescent red
dye originally developed for water tracing applications. Po-
tassium iodide, potassium iodate, and borax were used to
calibrate the UV radiant energy passing through the bench-
scale photoreactor. Hydrogen peroxide was selected as an
oxidant and was measured using potassium iodide, sodium
hydroxide, and ammonium molybdate tetrahydrate. All
chemicals were obtained from Fisher Scientific, excluding
RhWT and ammonium molybdate tetrahydrate, obtained
from Turner Designs and Acros Organics, respectively.
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Figure 1. Collimated-beam photoreactor setup consist-
ing of polished aluminum reflector (1), mid-
size UV lamps (2), collimator (3), quartz win-
dow (4), jacketed reactor body (5), variable
speed stirrer (6), thermometer (7), UV sensors
(8), amplifier (9), voltmeter (10), sampling
ports (11), and UV spectrophotometer with
circulating pump (12).

Reaction rate measurement under controlled conditions
in collimated-beam photoreactor

The chemical and photochemical reactions of RhWT and
hydrogen peroxide were measured using a customized colli-
mated beam photoreactor. The photoreactor (Figure 1) was
comprised of two mid-size UV lamps, a UV radiation reflec-
tor, a UV beam collimator, a double-jacketed reactor with a
volume of 250 x 10° m® and a round quartz (0.003 m
thickness) at the bottom, a variable speed stirrer at the top of
the reactor, and two UV sensors (SICO1IM-C from Roithner
LaserTechnik) below the quartz window connected to an am-
plifier (Multifunctional 2-Channel Amplifier Board from
Roithner LaserTechnik). The emission spectrum of the UV
lamp provided by the supplier, Emperor Aquatics is shown
in Figure 2. The voltage signal from the amplifier was
recorded using a multimeter (MultiPro 530 from Extech
Instruments) and a computer. The photoreactor sample port
(bottom) was connected to a flow-through cuvette of a UV-
Vis spectrometer (Cary 100) via its circulating pump. The
sampling solution was returned to the reactor via the top
sampling port. This configuration allowed online measure-
ment of the optical density at different wavelengths during
the reaction. Figure 1 shows the configuration of the setup.

The concentration of RhWT was measured using its ab-
sorbance at 555.5 nm by the UV-Vis spectrophotometer. To
investigate the effect of hydrogen peroxide on the absorb-
ance of RhWT, different solutions of hydrogen peroxide and
RhWT at various concentrations were tested. The concentra-
tion of hydrogen peroxide was measured using the method
presented by Klassen et al.’® Hydrogen peroxide can oxidize
an iodide solution in alkaline pH to generate Iy ions. The
absorbance at 352 nm reveals the concentration of this ion
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Figure 2. UV lamp emission spectrum.

using an UV-Vis spectrometer considering the molar extinc-
tion coefficient of the ion.

UV radiant energy that passed through the photoreactor
was measured using the iodide—iodate actinometer method
presented by Rahn et al.>® The iodide/iodate solution was
fed into the photoreactor after the UV lamp has been turned
on and stabilized for 30 min. The online UV-Vis spectropho-
tometer was used to continuously measure the absorbance of
the solution at 352 nm, which is related to the concentration
of I3 or absorbed UV radiant energy in the reactor. At the
same time, the signals (voltage) produced by the UV sensors
below the quartz window were recorded as reference points
for the period of measurement. The absorbance (concentra-
tion) results yielded the amount of radiant energy entering
into the photoreactor, considering the quantum yield of the
iodide—iodate actinometer.

The direct oxidation rate of RhWT was measured by mix-
ing a solution of RhWT and hydrogen peroxide with concen-
trations of 791 £ 4 ppb and 9.72 + 0.08 ppm, respectively,
in the collimated-beam photoreactor for a 2-h period, while
the UV lamp was not operating.

The photolysis rate of RhWT was evaluated in the photo-
reactor while the UV lamp was operating in a stabilized mode
(as indicated by a constant voltage signal from the sensors).
The photoreactor was charged with RhWT solutions (800100
ppb), and during the process of photolysis, their concentra-
tions were measured for a period of 2 h. As the rate of photol-
ysis is a direct function of the reactant concentration, a rela-
tively high range of RhWT concentration was applied to
enhance the photolysis rate and to better determine the exis-
tence of any potential direct photolysis reaction.

The photo-initiated oxidation rate of RhWT with hydrogen
peroxide and UV radiation was determined using RhWT sol-
utions with a concentration of 126 4+ 1 ppb and hydrogen
peroxide with a concentration of 10.14 + 0.05 ppm in the
collimated-beam photoreactor. The concentration of RhWT
was measured as a function of time using the online spectro-
photometer, and the concentration of hydrogen peroxide at
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the end of reaction (9.77 £+ 0.05 ppm) was determined using
the I3 method. In this way, the overall rate of RhWWT degra-
dation, including all the reactions between different radicals
and reactive byproducts with RhWT are measured. In the
other word, the concentration of RhWT as function of
received UV dose results in an empirical overall reaction
rate applicable to specific concentrations of RhWT and
hydrogen peroxide under study.

The selected concentrations are based on: (1) UV transmit-
tance of the medium that is important for photo-initiated oxi-
dation of RhWT (higher concentrations of hydrogen peroxide
and RhWT decrease the UV transmittance of the medium dra-
matically), (2) absorption of the laser light, considering fluo-
rescent effect of RhWT (higher concentrations suppresses the
absorption), (3) concentration gradient of RhWT in the pilot
scale photoreactor (lower RhWT concentrations cause higher
gradient and higher error consequently). The values were
adjusted after several trials and errors, based on the measure-
ments of absorption at 254, 532, 555.5, and 588 nm, as well
as determining the reaction rates in the collimated beam and
pilot scale reactor using different concentrations.

Concentration measurements by PLIF in flow-through
photoreactor

Flow-Through Photoreactor. A flow-through UV photo-
reactor was used to map the fluence distribution using modi-
fied PLIF. Considering the PLIF criteria,?! the flow-through
UV photoreactor was carefully designed to increase the ac-
curacy of the measurements by minimizing or eliminating
possible optical noise. The height and width of the photo-
reactor were minimized to reduce optical absorbance. The
reactor body was built of glass to be UV resistant and to
eliminate the staining effect of RhWT on the reactor surface.
A high-performance, high-output, low-pressure UV lamp
(200 W, arc length 1.07 m from Emperor Aquatics) installed
inside a quartz tube below the reactor was used as the radia-
tion source. The emission spectrum of this lamp is similar to
the one shown in Figure 2 with higher irradiance/fluence
rate. The UV reactor configuration and its dimensions are
provided in Figure 3. A schematic diagram of the entire
PLIF experimental system consisting of the pump, piping,
instrumentation, and storage tanks, is shown in Figure 4.

The UV lamp was operated for 30—45 min to allow stabi-
lization. During this period, the pump circulated distilled
water at 20 + 1°C from tank 1 through the photoreactor.
The photoreactive solution, hydrogen peroxide (10.30 =+
0.05 ppm) and RhWT (126 ppb) at 21.4 4+ 0.3°C, was filled
into tank 2. Once the UV lamp stabilized, distilled water
was pumped out to the drain system and the photoreactive
solution was fed into the reactor. Flow rate and temperature
were recorded using a calibrated flow/temperature meter
(FluidVision 4000 from Proteus Industries). The concentra-
tion of RhWT (at the outlet of the photoreactor) was meas-
ured by an online spectrophotometer. The temperature of the
solution was kept at 20 £ 1°C, and cooling air was passed
through the sleeve of the photoreactor at 1.33 4+ 0.16 x107>
m?/s. This procedure guaranteed isothermal photoreaction in
the reactor. Returned liquid was collected into tank 1 for
final treatment, the deterioration of the RhWT, before send-
ing it to the drain.
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Figure 3. The flow-through UV photoreactor used for PLIF measurements (all dimensions are expressed in cm).

PLIF tests

PLIF Setup. A conventional PLIF system consist of a sin-
gle camera, a laser source, a synchronizer unit, and an image
acquisition/processing system. Typically, a pulse laser having
a uniform beam energy is used. For a fixed laser energy (e.g.,
10 x 107 J), a pulse-to-pulse laser beam energy variation of
about +7% has been reported by Melton and Lipp.?' In our
experiments, similar energy variations were measured. Mea-
suring the energy value of the laser beam (/, in Eq. 3)
improves the accuracy for calculating the local concentration
of the fluorescent species. For this research, a second camera
was integrated into the conventional system to achieve a local
laser energy content measurement by mapping the laser
energy at each pulse. The beam from the laser source at 532
nm (Nd:YAG laser, Solo III from NewWave Research) was
divided in two using a beam splitter. One part of the beam
acted as a light sheet after passing through the reactive solu-
tion in the photoreactor, and this caused the light to be re-
emitted at 588 nm. The re-emitted light was captured using a

12-bit digital camera (C8484 from Hamamatsu) equipped
with a high-pass filter (>550 nm). The other part of the beam
was reflected from a barium sulfate-coated glass for meas-
uring the spatial laser energy at each pulse and captured by a
second camera with a band-pass filter (532 £ 10 nm). Syn-
chronization, image acquisition, and image processing were
performed by a FlowMap system hub from Dantec Dynamics.
Figure 5 shows the configuration of the PLIF setup.
Calibration Procedure. During the calibration and mea-
surement, the coordinates of the cameras, laser source, and re-
actor were unchanged, and the temperature of the solutions
remained at 20 £ 1°C. Hydrogen peroxide solutions (9.7 £
0.6 ppm) with different RhOWT concentrations (10-130 ppb)
were passed through the reactor, and 400 images were cap-
tured for each concentration using both cameras while the
laser operated. The value of each pixel on the captured images
(E. in Eq. 3) at each location (x, y., z.) was subtracted from
the value of each pixel at the same location while the laser
was not operating (to correct for any background light) and

@
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g\@

B

N

Figure 4. Schematic of pilot-scale photoreactor consisting of: product reservoir (1), feed reservoir (2), stirrer
(3), centrifugal pump (4), flow/pressure/temperature meter (5), photoreactor (6), laser source (7), digital
camera (8), PLIF control unit (9), data acquisition system (10), and online spectrophotometer (11).
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Figure 5. Schematic view of the PLIF apparatus for
measuring concentrations of the photoreac-
tive solution.

The setup consists of: a pulsed laser at 532 nm (1); a
digital camera with a high-pass filter (2), a digital camera
with a band-pass filter (3), a photoreactor (4), a beam
splitter (5), a diffusive reflector (6), re-emitted light at 588
nm (7), and laser sheets (8, 9). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

normalized by dividing by the total value of the total reflected
light (/o) captured by the second camera (to correct for any
variation in the pulsed bean energy). Finally, the average of
400 normalized images for different concentrations of RhWT
were used to calculate Kwp and Koper, the slope and inter-
cept, for each pixel on the image. For each pixel on the image,
the corresponding Kep and Korser Were calculated separately
and saved on an array with the same size as that of the image.
As a result, each pixel has its own linear function of RhWT
concentration vs. emitted light (calibration line), unlike the
conventional PLIF method that one curve interprets the con-
centration (vs. emitted light) for the entire pixels on the
image. The results of the calibration calculation were two-
dimensional arrays of K, and K for each pixel in the
reactor excited by the laser sheet. Knowing the emitted light
for each pixel (captured by the camera), the unknown concen-
tration for that pixel on the image (and therefore the point in
the solution) was calculated using the pixel Keyp and Koppge
(to correct for both the background light and any inconsis-
tency in the pulsed bean energy).

The presence of hydrogen peroxide in the calibration proce-
dure is necessary to achieve accurate results, as the fluorescent
characteristic of RhWT heavily depends on the oxidant content
of the solution.”> Because the photoreactive solution is bleached
with a high-power laser pulse, the solution should flow through
the reactor and be replaced with fresh solution for each run.

Rhodamine WT has a fluorescent effect under UV radia-
tion (254 nm), which creates a background (optical noise) in

AIChE Journal January 2011 Vol. 57, No. 1

Published on behalf of the AIChE

the final measurement. To quantify and make corrections for
this background noise, the UV reactor ran (with the UV
lamp on) with different concentrations of RhWT without
hydrogen peroxide, and 400 images were captured in the ab-
sence of the laser pulse. The average values of the images
were used to calculate the glowing background image (off-
set) for the final concentrations in the UV reactor.

To reconstruct the concentration profile throughout the
entire reactor, the length of the reactor was divided into three
zones: the inlet, the middle, and the outlet zones. Based on
the length of the reactor and the field of view of the camera,
adequate overlap was considered between two adjacent zones.

Concentration Measurement. A stock solution of hydro-
gen peroxide (10.30 £+ 0.05 ppm) and RhWT (126 ppb) at
21.4 £ 0.3°C was fed into the reactor once the UV lamp
was stabilized. Three different mass flow rates (0.006 +
0.002, 0.015 + 0.002, and 0.020 £ 0.002 kg/s, which corre-
spond to mean axial velocities of 0.06 + 0.02, 0.15 £+ 0.02,
0.20 £ 0.02 m/s, respectively, at the inlet of UV photoreac-
tor) were tested. For each operating condition, the inlet, the
middle, and the outlet zones of the reactor were studied, and
400 images were captured for each section. The average of
the energy captured (value) in the images after subtracting
the glowing effect of the background (offset) was used for
the concentration calculation. This procedure was applied to
all three zones covering the entire length of the reactor.

To evaluate the effect of intermediate compounds and
byproducts on the absorbance of the RhWT solution and
impacting the UV-Vis spectrophotometer results, fresh RhWT
in hydrogen peroxide and RhWT reacted solutions were
examined. Samples of fresh RhOWT (different concentrations)
in hydrogen peroxide (10 &£ 1 ppm) solution and irradiated (at
different UV doses) RhWT (131 &£ 11 ppb) in hydrogen per-
oxide (10 £ 1 ppm) solution were prepared. The re-emitted
light from the solution (using a continues 5 mw green laser at
532 nm for sample excitation, and 1 cm pathway cuvette as
sample holder) after passing through a high-pass filter (>550
nm) was captured using photodiode (PIN-10D from UDT Sen-
sors, with 100 mm? active area) in a dark room. The signals
from photodiode were amplified by 10 (using SC-2040 Simul-
taneously Sampling Differential Amplifier, from National
Instrument) and the output voltages were measured using a
voltmeter. For each sample, the absorbance at 555.5 nm was
simultaneously measured using a spectrophotometer. Figure 6
shows the absorbance at 555.5 nm vs. re-emitted light (volt-
age) of the two solutions; the fresh RbWT in hydrogen perox-
ide and the reacted solution under UV exposure. Samples
with similar re-emitted radiation signals (voltage) in both the
nonirradiated and irradiated (containing potential byproducts)
solutions are expected to have the same RhWT concentra-
tions. As these samples also show similar absorbance at 555.5
nm, the presence of potential byproducts are not expected to
interfere with RhWT measurements based on its absorbance
at 555.5 nm or re-emission at 588 nm.

Results and Discussions
Optical absorbance of rhodamine WT solution

The correlations of the absorbance vs. the concentration of
the RbWT solution for hydrogen peroxide concentrations <10
ppm and for three different wavelengths were measured to be:
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Figure 6. Absorbance of RhWT in hydrogen peroxide
solution vs. emitted light captured by photo-
diode (volt) for different RhWT concentra-
tions.

Cross mark indicates measurement for fresh RhWT under
no UV exposures and filled square represents for reactive
solution at different exposure UV dose. [Color figure can

be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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where ABS, Iec, Lopec,0» Crnwrs and ey are absorbance at a
specified wavelength, intensity leaving the spectrophotometer
cell, intensity entering into the cell, concentration of RhWT
solution in ppb, and the light path length of the cell in m,
respectively. Consequently, the molar extinction coefficient (¢)
of RhWT at wavelengths 532, 555.5, and 588 nm were
calculated as 10,900 + 55, 23,700 + 111, and 1490 + 22 m?%/
mol, respectively.

Considering the wavelength of the laser source (532 nm),
11% of the laser energy content is absorbed by the medium
for a 0.04 m (reactor height) layer of RhWT solution at 126
ppb. This value points to considerable changes in the radiation
intensity, which should be taken into consideration by per-
forming separate calibrations for each point in the solution, to
find a calibration map (2D) instead of a calibration curve
(1D). Using this technique, optical absorbance is integrated
into the calibration map with some limitations. The concentra-
tion gradient along the laser beam, from top to bottom, should
not change significantly (e.g., <35 ppb to achieve an error of
<3%). This limitation should be considered in the case of
laminar flow, specifically, because no vigorous mixing occurs
in the reaction zone in the direction of the laser beam or for
high-output UV lamps. In this research, the concentration
change over the length of the laser beam did not exceed 35
ppb. If the concentration gradient is high (e.g., at the end of
the reactor) or the light pathway is long, the absorbance terms
in Equations 2 and 3 should be calculated to reduce the error
corresponding to high optical density.

For re-emitted rays at 588 nm from the 126 ppb solution
of RhWT, the thickness of the reactor should be controlled
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(e.g., <8 cm to achieve <3% drops based on absorbance).
For this research, the 1 c¢cm thickness of the reactor did not
have any significant impact on the absorbance at 588 nm at
the maximum concentration.

Direct oxidation of rhodamine WT

The rate of change of the RhWT concentration with an
excess of hydrogen peroxide and no UV radiant was calcu-
lated to be:

d [ Crawr
dt

) = —(8.53+1.05) x 1077, an
CrowT,0

where ¢ and Crpwr are time (s) and initial concentration of
RhWT, respectively. Based on the rate calculated, after 3.25 h,
the concentration of RhWT dropped by only 1%. This means
that the direct reaction can be ignored due to the low residence
time of the solution inside the reactor (of the order of
seconds).

Photolysis of rhodamine WT

RhWT is a persistent chemical under UV exposure; the
concentration of RhWT (different solutions from 100 to 800
ppb) did not change after receiving 1000 J/m* of UV irradi-
ance. Thus, the photolysis of RhWT can be ignored.

Photo-initiated oxidation of rhodamine WT with
hydrogen peroxide and UV radiation

The photo-initiated oxidation rate of RhWT with an
excess of hydrogen peroxide after receiving UV irradiance
or a UV fluence, H (J/mz), was calculated to be:

ln( Cruwt ) = (—4.76 £0.09) x 107°H (12)
CRrawT0

The reaction of RhWT with hydroxyl radicals produces other
intermediates and by-products. If the concentration of
by-products exceeds a certain limit (65% conversion of
RhWT), their reactions become dominant, and this correlation
would be invalid. As a result, the linear relationship between
the received fluence and the log of concentration ratios is only
valid for concentrations of reacted RhWT higher than 40 ppb.
Equation 12, which considers the overall rate of RhWT
degradation by photo-initiated oxidation can be used to
calculate the received UV irradiance or fluence at all locations
inside the reactor.

Concentration profile in the photoreactor

Figures 7 and 8 show the measured concentration profiles
through the reactor in different sections, which are stitched
together. Due to the technical limitations, such as difficulties
in positioning the cameras at the exact position used for the
calibration procedure (40.005 m), as well as the flow rate
fluctuations during the experiments (£0.002 kg/s), the aver-
aged images from the three different sections of the reactor
did not overlap perfectly. Also, the values very close to the
reactor walls and outlet section of reactor were masked
because they did not represent the true concentrations as a
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Figure 7. Concentration profile of rhodamine WT (ppb)
in the UV reactor at steady-state condition
without correction for laser energy variation.

Color bar (linear scale) indicates concentrations from 130
(red) to 80 ppb (blue) and arrows show the flow directions.
Illustrations 1-3 are for mass flow rates of 0.006, 0.015,
and 0.020 kg/s, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

consequence of reflections from the white glue joints in this
region of the reactor. For all images, a horizontal median fil-
ter with rank 40 was applied to remove the shadowing
effects of the laser sheet on the images.

In Figure 7, the concentration is calculated according to
the conventional PLIF method without taking into account
the laser energy content (i.e., [ is omitted). At higher flow
rates, higher concentrations of RhWT should extend toward
the outlet of reactor; however, this cannot be concluded
from the images. This discrepancy was resolved when the
laser energy was taken into consideration, as presented in
Figure 8.

The “Received Fluence Profile” throughout the reactor is
a very useful piece of information. The fluence distribution
reveals the local and global performance of a UV reactor,
taking all the important phenomena, such as hydrodynamics,
UV radiant distribution, and kinetics, into consideration. The
fluence profile points directly to the most efficient and defi-
cient zones in the reactor with respect to the reactor per-
formance. The fluence distribution was calculated using
Equation 12 for different flow rates in the pilot scale UV re-
actor as presented in Figure 9.

As shown in Figure 9, at the inlet of the reactor, particularly
for Case 1, the received fluence is relatively high. The fluence
near the inlet is highest at the lowest flow rate, as can be seen
in Case 1 (Figure 9). This is confirmed by considering the pro-
file of concentration in Figure 8, which shows relatively low
concentration (e.g., treated flow) at the reactor inlet, particu-
larly at lower flow rates. Mapping the velocity profile in the
reactor revealed the reason for the high fluence at the inlet.
Particle image velocimetry was applied to measure the veloc-
ity profile, using the same system described for the PLIF
experiments. Figure 10 shows the measured velocity profile
(vector) inside the reactor for a 0.014 4= 0.002 kg/s flow rate.

It is obvious from Figure 10 that part of the flow re-circu-
lates (due to a pressure difference) in the upper part of reac-
tor toward the inlet. This recalculation brings back a portion
of the reacted chemicals (bleached) from the middle of the
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80 pph

Figure 8. Concentration profile of rhodamine WT (ppb)
in the UV reactor with correction for the laser
energy variation at steady-state condition.

Color bar (linear scale) indicates concentrations from 130
(red) to 80 ppb (blue), and arrows show the flow directions.
Illustrations 1-3 are for mass flow rates of 0.006, 0.015,
and 0.020 kg/s, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

reactor. At lower flow rates (e.g., Case 1), due to the low
velocities at the upper left-hand corner of the reactor, the
residence time is very high (i.e., the zone is nearly stagnant),
and this section receives a higher fluence because of the lon-
ger exposure time. At relatively higher flow rates (e.g.,
Cases 2 and 3), the re-circulating velocities in this section
are increased, and the chemicals in this zone are mixed with
fresh fluid from the inlet. In the other words, the nearly stag-
nant zone disappears at higher flow rates causing a more
uniform concentration. The back-flow circulation causes the
diminishing of the reactant (RhWT) vertical concentration
gradient at the entrance of the reactor up to approximately
0.20 m. This effect is more obvious for higher flow rates
because of a more vigorous mixing. Once the recirculation
effect is reduced at about 0.20 m from reactor inlet, the con-
centration gradient is more distinguishable with lower

5 J/m?

Figure 9. Received UV fluence profile of rhodamine WT
(ppb) in the UV reactor under steady-state
conditions.

Color bar (linear scale) indicates fluence, from 60 (red) to 5
J/m? (blue) and arrows show the flow directions. Illustra-
tions 1-3 are for mass flow rates of 0.006, 0.015, and 0.020
kg/s, respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].
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Figure 10. Measured velocity profile inside the reactor using PIV (first half of the reactor).

concentrations closer to the UV lamp, where the photoreac-
tion rate is higher. Figure 9, Case 1 shows a higher receiving
fluence at the inlet adjacent to the UV lamp because of a
low circulating stream at that location. Figures 9, Cases 2
and 3, clearly shows the mixing effect and residence time of
the fresh fluid near the inlet region.

The other important phenomenon is the fluence distribu-
tion in the layer close to the lamp. Due to the lack of turbu-
lence in the reactor, turbulent diffusion is omitted, and con-
vective mass transfer dominates, even for higher flow rates.
This information is very useful in analyzing the performance
of photoreactors and technical optimization.

Source of errors and uncertainties

The procedure presented here for measuring reactive flow
using a modified PLIF is a valuable tool for evaluating the per-
formance of UV photoreactors. However, some potential sour-
ces of error and uncertainty should be considered when inter-
preting the data. Some of these are instrumental errors include
the ability of a digital camera to effectively capture sequential
images, a possible negative effect of temperature on the circuit
board of the camera, potential instability of the UV lamp emis-
sion (leading to variations in excitation of fluorescent chemi-
cal), and imperfect matching of coordinates between the cali-
bration and measured concentration images. Using a digital
camera and correcting the coordinates of the images by soft-
ware considerably reduced these potential sources of errors,
but did not eliminate them. Precise quantification of the instru-
mental errors is impossible. However, the major sources of
error and uncertainty are evaluated and addressed below.

The major source of error in the concentration calculation
procedure, based on calibration maps, occurs where the con-
centration gradient is high. These high concentration gra-
dients occur near the ends of the reactor, where the RhWT
concentration is very low, close to the UV lamp surface, and
high, far from the lamp, due to reaction or recycling of ma-
terial at the top of the reactor (near the inlet). The maximum
error occurs when the concentration at the top is higher (due
to a high absorption of light at the reactor exit) than at the
bottom. Therefore, all measurements in the outlet sections
are expected to have a relatively high degree of uncertainty
for all cases (are not shown here). This error could be mini-
mized or eliminated if the equation for the calibration map
(Eq. 3) could be derived without the simplifying assumptions
concerning the optical density.

The second major source of uncertainty in the calculations
is the linear curve fitting for each pixel of the images. Consid-
ering uncertainties associated with for each measurement, it
can be seen that there is no unique linear function between the
captured emitted light (E£.) and the RhWT concentration (Cy).
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In other words, any of the lines located in a band (between the
high and low values of the data considering error bars) could
be used in the concentration calculation. The upper and lower
bound can be calculated from Equation 3 as:

Ec = (Ksetup + AI(setup)IOCf + (Koffset + A[{offset) (13)

where AK e and AK ¢ are used to calculate the upper/lower
values for the slope and intercept. Using Eq. 13, the overall
uncertainty (upper/lower value), which contains the effect of all
the individual parameters, in the measurement of RhWT
concentration was calculated and is shown in Figure 11.

Conclusions

The growing use of UV reactors brings with it the need to
improve their performance and develop new measuring tech-
niques for performance evaluation. A modified PLIF method
was developed for mapping the concentration and fluence
profiles throughout a UV reactor. It was observed that inte-
grating the laser energy into the conventional PLIF and
using a 2D calibration map instead of a typical 1D calibra-
tion curve increases the accuracy of the measurements.

The method described here provided UV fluence profiles
at each cross-section of a photoreactor under various operat-
ing conditions and allowed the radial and longitude
dispersion of photoreactive chemical to be estimated. The
fluence distribution reveals valuable information about the
performance of each reactor zone, assisting technical optimi-
zation of the reactor.

+30 pph

0 ppb

Figure 11. Overall uncertainty in RhWT concentration
profile measurement (ppb) with a 95% confi-
dence interval in the UV reactor.

Color bar (linear scale) indicates concentration uncertainty
from £30 (red) to O ppb (blue), and arrows show the flow
directions. Cases 1-3 are for mass flow rates of 0.006,
0.015, and 0.020 kg/s, respectively. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Although this technique is a powerful visual diagnostic
tool, technical limitations can cause significant errors. As
described, if there is a considerable absorption of the laser
light or re-emitted light in the system, optical density should
be considered in the equations used for calibration and con-
centration measurements. Most industrial UV reactors oper-
ate in the turbulent regime, and the radial concentration gra-
dients are expected to be lower than 500-700 ppb/m, result-
ing in negligible radiation absorption. Therefore, this method
should be applicable without further modification.

Notation

A = area (m?)
AA = active area of the sensor or pixel area on the CCD of a
camera (m?)
ABS; = absorbance at wavelength 4
Crnwt = concentration of rhodamine WT (ppb)
Crnwr,0 = initial concentration of rhodamine WT (ppb)
¢ = concentration (mol/m>)
¢; = concentration of ith component (mol/m%)
E. = captured energy (J)
H = local absorbed fluence (dose) by microorganisms or
chemicals (J/m?)
h = Planck’s constant (J.s)
Iy = average radiant intensity of entire spectrum at source of
radiation (W/sr)
Kerup = setup slope (sr.s.m>/mol)
Kogrser = setup intercept (J)
l.enn = light path length of spectrophotometer cell (m)
L., = distance between sensor and emitter (m)
ls, = distance of investigation point from the light source (m)
Py = volumetric emitted power (W/m3)
T. = fraction of light that reaches the sensor
T, = fraction of light passing through solution
t = time (s)
AV = glowing volume element in the solution (m®)
X, y, z = Cartesian coordinates (m)
Xes Yoo Ze = coordinates of the sensor (pixel)
&, = molar absorption coefficient of spectrum with “A”
wavelength by ith component (m?/mol)
£, = molar absorption coefficient of solution at wavelength Ae
nm (m*/mol)
&,s = Molar absorption coefficient of solution at wavelength As
nm (m?/mol)
®, = quantum efficiency of sensor
©, = quantum efficiency of florescent chemical
0 = angle (radians)
v = frequency (s
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