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Photocatalytic phenol dissociation was studied in a microreactor, with a TiO, layer immobilized on the reactor inner
walls. Experiments were conducted for various residence times, initial concentrations, pH values, and UV light irradia-
tion intensities. The intermediates and products (catechol, hydroquinone, and resorcinol) were quantitatively investi-
gated to determine the predominant reaction pathways for the investigated anatase catalyst. A three-dimensional
mathematical model was used to simulate the heterogeneous photocatalysis reaction conditions with Langmuir—Hinshel-
wood mechanism, considering the adsorption/desorption thermodynamic equilibria, and for kinetic parameter estimation
via regression analysis. The effectiveness factor, Thiele modulus, and the correction function were calculated to deter-
mine the pore diffusion effects. The value of pH had the dramatic effect of lowering the reaction rate due to the compet-
itive adsorption of hydroxide ions and protons on the catalyst surface. A phenol conversion of 79.5% was achieved at
the residence time of 7.22 min, but without total mineralization. © 2014 American Institute of Chemical Engineers
AIChE J, 61: 572-581, 2015
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Introduction Conversely, TiO,-based technology can be successfully applied
as a selective synthetic route for a wide range of organic mole-
cules, used in the food, pharmaceutical, and cosmetic indus-
tries.” These reactions usually take place in a liquid
environment (e.g., water) with the TiO, particles in the form
of dispersed powders, which enables a uniform distribution of
the catalyst and a high photocatalytic surface-to-volume ratio.*
However, the nanoscale TiO, particles in the suspensions have
to be separated from the reaction products and recycled, which
is an expensive and time-consuming process. Furthermore, the
strong absorbing properties of the suspended nanoparticles and
Correspondence concerning this article should be addressed to A. Pohar at organic molecules limit the penetration depth of the UV light,
andrej.pohar@Kki.si. . A !
and therefore prevent an efficient, industrial scale-up process.
© 2014 American Institute of Chemical Engineers The immobilization of the TiO, photocatalyst to a fixed

In recent years, the interest in photocatalysis using semicon-
ductors, and its various options of applicability, has grown
exponentially all over the world. TiO, has proven to be one of
the most appropriate photocatalysts due to its characteristic
band-gap energy (3.0-3.2 eV), biological/chemical inertness,
stability, and low price. Traditionally, photocatalysis with TiO,
has been applied as an alternative method to remediate and
degrade the hazardous chemicals from air, soil, and water.'?
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surface represents a suitable way to remove the aforemen-
tioned restrictions, although this configuration may generate a
unique problem of a low interfacial surface area, which can
consequently lead to mass-transfer flux limitations.

Microtechnology is an area that is rapidly evolving and
growing in many areas of application. In the past two deca-
des, microstructured process devices used to execute chemical
reactions have shown impressive progress in terms of the
intensification of the aforementioned operations.*” The feasi-
bility of laminar flow, short molecular diffusion distances,
large surface-to-volume ratios, and efficient heat transfer are
some of the many characteristics that give the processes in
microreactors an advantage over those performed in conven-
tional reactors.® Moreover, focusing on photochemical reac-
tions, a high homogeneity of surface illumination and an
excellent light penetration throughout most of the reactor vol-
ume provides a good distribution of photons throughout the
reactor.” The catalytic microstructured reactors with an immo-
bilized TiO, catalyst successfully exploit the aforementioned
advantages and can be efficiently used for the degradation and
chemical transformation of various organic chemicals, and
even for the selective cleavage of proteins and peptides.m’11

Phenol and its derivatives are hazardous, water-soluble
compounds that represent a huge environmental and toxico-
logical problem due to the wastewater release from a variety
of industrial and domestic activities.'? Although a complete
mineralization of these chemicals with the use of photocata-
Iytic TiO, has been widely investigated, much less attention
has been paid to photocatalytic selective oxidation, and to
the exploration of different parameters (flow rate, initial
component concentration, pH, UV light intensity, etc.)
affecting this process.'”

Microreactor technology can thus be used for small scale,
flexible water treatment or for large scale, specific pollutant
removal by means of numbering up, but only provided that
all the pertinent governing mechanisms are well described
using the modeling for consequent intensification and optimi-
zation. In this regard, phenol and its reaction intermediates
may be considered as suitable model compounds due to the
existing literature data covering the mechanisms and kinetics
of their degradation, on one hand,'*2* and owing to them
being one of the major environmental pollutants, on the
other. Nonetheless, although the mechanism and kinetics of
phenol degradation are rather complex, first-order
kinetics'®** or Langmuir—Hinshelwood kinetics that do not
consider the reaction intermediates'®'>?! are often used,
unorthodoxly obtaining phenol concentration-dependent reac-
tion rate constants,'>** or applying only the initial phenol
concentration in the denominator of the Langmuir—Hinshel-
wood expression.”’ An advanced approach includes either
the consecutive Langmuir—Hinshelwood kinetics of inter-
mediates,"**° or the competitive parallel reactions of phenol
to reaction intermediates and carbon dioxide'>'”; however,
reacting species are still treated as lumped components. Mor-
eira et al.?? recently proposed a comprehensive reaction
scheme, breaking down all the lumped intermediate compo-
nents into individual species. Nevertheless, the same study
circumvented the acknowledgment of other mechanisms,
governing the process, such as fluid mechanics, and (internal
and external) mass transfer, taking into account only con-
comitantly with simplified kinetics,”® while process parame-
ters such as the pH and irradiation intensity were
disregarded. Although the Langmuir—Hinshelwood mecha-
nism for phenol photodegradation had been questioned in the
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past, it is widely accepted in more recent literature.'*'%2

The best degradation models are based on Langmuir-Hin-
shelwood kinetics and have been built on very accurate anal-
ysis of both phenol and its most abundant by-products.*®

In view of this, the present investigation explores these
governing mechanisms, that is, fluid mechanics, transport
phenomena, and chemical kinetics, for the degradation of
phenol in a microreactor using photocatalysis, examining the
effects of process parameters such as volumetric flow rate,
irradiation intensity, concentration, pH and others, both in
terms of measurements as well as the description by propos-
ing a suitable photocatalytic process model.

Experimental
Materials and preparation

Titanium foil (Ti, 99.6 wt %, annealed, with the dimen-
sions of 25 X 25 X 1 mm3, Goodfellow Cambridge, Hun-
tington, England), poly(methyl methacrylate) sheet (PMMA,
Plexiglas grade, UV-transparent, with the dimensions of 25
X 25 X 2 mm°>, Acrytech d.o.o., Ljubljana, Slovenia), fluori-
nated ethylene propylene tubing (technical grade, of appro-
priate length, with an internal diameter of 0.5 mm, Vici AG
International, Schenkon, Switzerland), titanium (IV) chloride
(TiCly, 99.9 wt %, Acros Organics, NJ), ethylene glycol
(EG, 99.5 wt %, Carlo Erba Reagents, Val de Reuil, France),
ammonium fluoride (NH4F, reagent grade, Kemika d.d.,
Zagreb, Croatia) were used for the synthesis of the TiO, film
and the fabrication of the microreactor, described below.

Phenol (99.9 wt %, Sigma—Aldrich Chemie GmbH, Stein-
heim, Germany), catechol (99.9 wt %, Sigma—Aldrich
Chemie GmbH, Steinheim, Germany), resorcinol (99 wt %,
ABCR GmbH & Co. KG, Karlsruhe, Germany), hydroqui-
none (99.9 wt %, Sigma—Aldrich Chemie GmbH, Steinheim,
Germany), and acetonitrile (>99.9 wt %, hypergrade for
LC-MS LiChrosolv®, Merck KGaA, Darmstadt, Germany)
were used for the photocatalytic degradation measurements
without further purification. Demineralized water was used
to dissolve phenol, catechol, resorcinol, and hydroquinone
prior to measurements, while the desired pH was adjusted
using sodium hydroxide (>99 wt %, pro analysi, Merck
KGaA, Darmstadt, Germany) and perchloric acid (70 wt %,
Suprapur®, Merck KGaA, Darmstadt, Germany).

TiO; fixed-bed microreactor and photocatalyst features

A detailed description of the fabrication of the microreactor
and the immobilization of the TiO, dual layer on its inner
walls were described in our previous work.>* In brief, a ser-
pentine microchannel was engraved in a titanium foil using a
high-precision computer numerically-controlled (CNC) mill-
ing machine. The inner walls of the microchannel were immo-
bilized with a two-step synthesis. First, the titanium-based
flow microreactor was anodized in the EG solution with a
small portion of NH4F (0.3 wt %) at 60 V for 3 h. Second, the
anodized flow microreactor was hydrothermally treated at
75°C for 1 h in a Teflon-lined stainless-steel autoclave, filled
with a water suspension of TiCl, (0.2 M). Third, the prepared
flow microreactor was thermally treated at 400°C for 3 h, cov-
ered with UV-transparent Plexiglas, and sealed with epoxy
glue. The whole fabricated device was mounted in a stainless-
steel housing with four integrated UV-light-emitting diode
(LED) diodes (Roithner Lasertechnik GmbH, Vienna, Austria)
with the emission maximum at 365 nm. Any increase in
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temperature inside the microreactor was considered insignifi-
cant due to the use of LED diodes.

The TiO, film was investigated with a focused-ion-beam
workstation (Helios NanoLab 650, FEI, Hillsboro, OR), a
transmission electron microscope (JEM-2010F, JEOL, Tokyo,
Japan), and an x-ray diffractometer (X’Pert PRO MRD, PAN-
alytical, Almelo, The Netherlands). The total integrated inci-
dent intensity between 290 and 390 nm was measured with a
radiation meter (PCE-UV34 UVA/UVB, PCE Instruments,
Hampshire, UK), at different distances from the source.

Photocatalytic degradation experiments and
decomposition of phenol and intermediates

The decomposition of the possible intermediates was studied
in separate experiments (prior to the experiments involving
phenol) for the determination of the reaction pathways and
kinetic parameters. The photocatalytic degradation of catechol
was studied in an experiment conducted at neutral pH, in
room-temperature conditions (22°C), a UV intensity of 1.2
mW cm™ !, and an initial catechol concentration of 2.27 X
107* mol L™". In a typical experiment, the water solution of
catechol was continuously pumped through the reactor at volu-
metric flow rates of 100, 80, 50, 20, and 10 uL min~ !, which
correspond to the residence times of 0.72, 0.90, 1.44, 3.61, and
7.22 min, using a high-precision syringe pump (TSE Systems,
Chesterfield, MO). For the determination of the significant
reaction pathways, experiments involving catechol, hydroqui-
none, and resorcinol were conducted, in which 2.27 X 10~*
mol L™ of each species was pumped through the microreactor
under identical conditions as with the previous experiments.

The photocatalytic activity of the TiO,-based flow micro-
reactor was determined with the transformation of phenol.
Before collecting the samples at an individual flow rate, 200
uL. of the phenol solution was pumped through the reactor to
clean any main and side products that were present from the
previous experiment. The impact of the reaction conditions
on the photocatalytic degradation of phenol was investigated
by using four different initial concentrations of phenol (6.08
X 1077, 1.17 X 107%,2.60 X 10~% and 5.31 X 10~* mol
L_l), three different pH values (2.4, 6.0, and 10.5), and UV
intensities (1.2, 5.0, 8.6, and 9.3 mW cm_z) (ML-103B, MX
Power, Shenzhen, China) at the volumetric flow rates of 100,
80, 50, 20, and 10 xL min~ .

The transition from transient to steady-state operation of
the system was characterized with a determination of the
phenol concentration after different times of sampling. In
brief, the water solution of phenol (2.60 X 107* mol LY
was continuously pumped through the reactor at three differ-
ent volumetric flow rates (25, 50, and 75 puL minfl). In con-
trast to the photocatalytic degradation experiments, samples
were collected immediately (=0 min) after turning on the
syringe pump, and after different time intervals, depending
on the volumetric flow rate, that is at 75 uL min~ ! @3, 6,
and 9 min), 50 uL min~ ! (10, 15, and 20 min), and 25 uL
min ! (15, 25, and 45 min). Before starting an individual
experiment, the reactor was thoroughly washed with deion-
ized water. An additional experiment was conducted in the
dark to determine the phenol desorption—adsorption equilib-
rium on the surface of the photocatalyst.

The 750-uL aliquots of the reactants, products, and inter-
mediates were collected and analyzed with a high-
performance liquid-chromatography apparatus (HPLC, Agi-
lent 1100 Series, Agilent, Santa Clara, CA), equipped with a
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Figure 1. A scheme of the microreactor with two SEM
micrographs: (a) a side-view of an immobilized
TiO, nanoparticle/nanotube dual layer, (b) its
top-view with small TiO, pores, and (c) the
scheme of the microchannel with the catalytic
anatase layer on the side and bottom walls.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

UV-Vis detector (G1315A), and a solvent delivery pump
(G1312A). The isocratic elution at a constant flow rate of
1 mL min ! was used in a Phenomenex (Torrance, CA)
Synergi'™ 4 u Hydro-RP 80 A analytical column (250 X
4.6 mm?, 4-um packing), using Milli-Q water and acetoni-
trile mixture [70:30 (vol/vol)] as a solvent. Total carbon
(TC), total organic carbon (TOC), and inorganic carbon (IC)
were determined using a Rosemount Analytical Dohrmann
DC-190 (Irvine, CA). The concentrations of phenol, inter-
mediates, and products were analyzed at 254 nm. Under
these conditions, phenol, hydroquinone, catechol, and resor-
cinol with the retention times of 9.95, 5.68, 5.17, and 4.09
min, correspondingly, could be separated within 11 min.

Theory

The fluid mechanics within the microreactor were
described by the mass continuity equation (Eq. 1) combined
with Navier-Stokes equations, simplified for the incompres-
sible flow of Newtonian fluids (Eq. 2), utilizing the no-slip
boundary conditions on the microreactor walls and the fully
developed laminar-channel-flow boundary condition at the
microreactor entrance (Eq. 3). v, p, p, i, x, y, z, Q, and d
represent the velocity, density, pressure, dynamic viscosity,
microreactor height, width, and length coordinates (with the
maximum values of X, Y, and Z), the volumetric flow rate,
and hydraulic diameter, respectively. The microreactor setup
can be seen on Figure 1. Calculations were executed for
z> 7, while predictions were obtained at z =7
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The component balances for the individual species can be
written using Eq. 4, with the catalytic reaction occurring on
three microreactor walls (Eq. 5), while the reaction rates can
be defined by Eq. 6, the = sign accounting for the reactants/
intermediates/products. C;, D;, 1, ki, K;, t, I, and n represent
the concentration, diffusivity, reaction rate, reaction rate con-
stant, and Langmuir adsorption constant of the component i,
and the time, relative incident irradiance, and irradiance-
dependence exponent
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Whereas, the effects of the volumetric flow rate and
concentration are inherently accounted for in the model of
Egs. 1-6, the irradiance implicitly pertains to Langmuir—
Hinshelwood kinetics (Eq. 6), which may be claimed for
pH as well, as hydroxide ions and protons competitively
adsorb on the catalyst surface (K;) and reduce the reaction
rate.”® The reaction rate in a pore can be conveniently
expressed by its rate under surface conditions multiplied
by the effectiveness factor.”>*® The effectiveness factor
(ni; Eq. 7) considers the internal mass transfer, which
accounts for the difference between the global and intrin-
sic reaction rates, linearly reducing the reaction rate
constant. The effectiveness factor should be considered
when pore diffusion effects need to be taken into
consideration.?’

The evaluation of the effectiveness factor requires a calcu-
lation of the Thiele modulus (Mt ;), which is a dimensionless
number that describes the relationship between the rate of
diffusion and the reaction in a porous catalyst. Molecular
diffusion in pores was presumed due to utilization of liquid
contrary to gas phase (Knudsen diffusion). For Langmuir—
Hinshelwood kinetics, the general modulus can be calculated
with Eq. 8. The correction function (f;) is used to counter the
errors associated with the first-order approximation methods
(Eq. 9), where mygg; is the effective reaction order for the
Langmuir rate equations (Eq. 10)°

tanh (M ;
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i
ki KiCi —1
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Figure 2. Detailed series-parallel reaction network for
the photodegradation of phenol on a TiO,
catalyst; index 1 represents the reactions of
phenol (p) to catechol (c), resorcinol (r),
hydroquinone (h), benzoquinone (b), organic
acids (oa), and CO, (CO2), index 2, the reac-
tions to hydroquinone, index 3, the reactions
to organic acids, and index 4, the mineraliza-
tion to CO..

1

1+K:.C; (19)

Meff i =

The binary liquid diffusion coefficients (Eq. 11) were cal-

culated through the correlation provided by Siddiqi and

Lucas,”® which is based on the viscosity of the solvent (1)

and the molar volumes of the solute (V;) and solvent (V}) at
their normal boiling points

V0‘265

b
590705 (11
L090T/035

D;=9.89x107*T

The mass continuity equations were solved using the
finite-difference approach in MATLAB. For the calculation
of the velocity field, the semi-implicit method for pressure
linked equations algorithm was used. Grid independency was
assured.

One of the best reaction schemes was proposed by Mor-
eira et al.,*> updated in this study by the addition of resor-
cinol, and represented in Figure 2. As is evident from the
figure, phenol can mineralize directly or via acid, benzene-
diol, or benzenedion intermediates. The latter two also allow
for either direct mineralization or indirect via acidic inter-
mediates, while the reaction scheme is characterized by ben-
zenediol isomerization to hydroquinone as well.

Results and Discussion
Microreactor and catalyst characterization

Figure 1 shows the design of the TiO,-based microreactor.
A 390-mm-long, 0.5-mm-wide, and 0.36-mm-deep serpentine
microchannel was immobilized with an approximately 10-
um-thick TiO, nanoparticle/nanotube film. The scanning
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Figure 3. Determination of the crystal phases in
the TiO, nanoparticle/nanotube dual layer:
(a) x-ray diffraction (XRD) pattern and
(b) SAED patterns for different regions of
catalyst sample.

electron microscopy (SEM) micrograph in Figure 1 reveals
the surface structure of the film, which consists of nanotubes
with an average diameter of 100 nm that are surrounded and
covered with an additional thin layer of small TiO, nanopar-
ticles. The additional TiO, nanoparticles were introduced to
the surface of the anodized nanostructures to increase the
overall catalytic surface area. Our previous results®* had
shown that the photocatalytic activity increased significantly
when the additional thin layer of TiO, nanoparticles was
present on the TiO,-nanotube film. The x-ray diffraction pat-
tern in Figure 3a shows the presence of single-phase anatase
with some additional peaks that correspond to the titanium
substrate. Selected-area electron diffraction patterns in Figure
3b indicate the presence of a rutile phase at the TiOy/tita-
nium interface, while the scaffold and the body of the nano-
tubes consist of pure anatase-phase crystals. The prepared
microreactor has a considerably smaller reactor volume (70
uL), a relatively high catalytic surface-to-volume ratio
(6777 m*> m ) and a high temperature stability (0.3 K h™")
under long-term operating conditions.”* The highest Reyn-
olds number under the experimental conditions of the highest
flow rate of 100 uL min~ ! was less than 4, which indicates
that the flow was highly laminar, which justified the utiliza-
tion of Egs. 2 and 3 for laminar flow.

PMMA covered only the top wall of the microchannel,
whereas the reaction with the radicals only took place on the
TiO,-coated walls. It is expected that the radicals were not
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long-lived and would not be able to attack the top PMMA
wall. It was also assessed that the radicals did not attack the
epoxy glue as no by-products were detected with HPLC.
During the course of experimentation, contaminant products,
if present, would have been identified.

External/internal mass transfer

The calculated Thiele moduli of the components in the
solution were less than 6 X 10~ % in all cases, which implies
that the internal diffusion phenomenon can be considered
negligible. The effectiveness factors, required for the calcula-
tions of the reaction rates (Eq. 6) were 1, correct to the sev-
enth decimal place. This confirms that the internal mass
transfer does not play a role in the reaction mechanism, and
that the determined reaction rates are in fact intrinsic. The
reactions, thus, take place both on the surface of the catalyst
and in its pores. As four radiation sources were positioned
on top of the microreactor in the direct vicinity of the micro-
channel, an almost parallel light penetration into the pores
from all angles was presumed (the pore diameter is wide
enough to grant unhindered flux), and moreover, the pores
are relatively straight (Figure la) with a tortuosity factor
extremely close to unity.

The calculated diffusion coefficients were 7.05 X 10~ '°
m? s~ ! for phenol, 6.85 X 107'° m? s~' for hydroquinone,
6.85 X 1071 m? s7! for catechol, and 1.07 X 1072 m® s™!
for organic acids (the average for formic and acetic acid).
The diffusion coefficient of dissolved CO, was taken as 1.60
X 107? m? s~'. The Péclet number for mass transfer is a
dimensionless number that compares the rate of the advec-
tion of a species to its rate of diffusion. At the lowest experi-
mental flow rate of 10 yL min ', the Péclet numbers of all
the species were over 240, which indicate that the role of
convection is dominant over diffusional transport and that
the effect of diffusion in the way of convection is negligible,
but was considered nonetheless.*’

Figure 4 illustrates the influence of the increase/decrease
of the phenol diffusion coefficient by one order of magnitude
(e.g., on use of different temperature or solvent). Figure 4a
presents the isosurface plot of the phenol concentration pro-
file under for the case of 10 times lower phenol diffusion
coefficient. There is a high diversity of phenol concentration
across the microchannel cross-section, which is less pro-
nounced in the case of the original phenol diffusion coeffi-
cient (Figure 4b). At the conditions of 10 times faster phenol
diffusion (Figure 4c), its concentration is almost homogenous
across the microchannel cross-section.

Regression of intrinsic kinetic parameters, reaction
kinetics, and rate

The photocatalytic degradation of phenol in water starts
with the formation of a phenoxy radical from the reaction
between phenol and photocatalytically generated OH". The
phenoxy radical is in resonance with two radical structures
in the ortho and para positions. They can react with OH
and form di-hydroxylated side products, such as catechol and
hydroquinone. In the next step, ortho and para benzoqui-
nones are formed either by the reaction of catechol and
hydroquinone with OH ", their oxidation with photogenerated
holes in TiO, or by direct oxidation with dissolved oxygen
in water. Further oxidation leads to the opening of the ben-
zene structure and the formation of smaller oxygen-
contained aliphatic compounds and ends with the final
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Figure 4. The effect of phenol diffusion coefficient (iso-
surface plot): (@) 10 times lower diffusion
coefficient, (b) original diffusion coefficient,
and (c) 10 times higher diffusion coefficient
at the flow rate of 10 uL min™' and initial
phenol concentration of 1.17 x 1074,

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

mineralization to CO, and H,0.3° Nonetheless, Moreira
et al.? and other studies showed that several characteristics
of TiO, material (structure, morphology, distribution of
phases, etc.) largely influence the intrinsic kinetics and selec-
tivity of a TiO,-based catalyst for individual reactions in
Figure 2 (e.g., phenol radical formation).

The relevant adsorption coefficients of the Langmuir—Hinshel-
wood kinetics (Eq. 6) were obtained from the work of Moreira
et al.?? The values for phenol (K},), hydroquinone (Kj), catechol
(K.), and organic acids (K,,; taken as the average value for ace-
tic and formic acid) were 7.70 X 10° L mol !, 6.84 X 10° L
mol ™!, and 6.05 X 10° L mol™ ", in the same order.

Regarding photocatalytic catechol degradation, the maxi-
mum conversion obtained at the smallest flow rate of 10 uL
min~ ' was 8.3%. HPLC analysis detected only catechol,
while phenol, hydroquinone, benzoquinone, resorcinol, or
benzoquinone were not identified, or were below the detec-
tion limit. This eliminates the reaction pathway leading from
catechol to hydroquinone with the corresponding Kkinetic
parameter k,.. Furthermore, a TOC analysis revealed there
was no increase in CO, presence in the product solution,
excluding the mineralization pathway to CO, and H,O, with
the corresponding kinetic parameter k., corresponding to a
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slow reaction rate for catechol mineralization, reported in
literature.

In the experiment involving catechol, hydroquinone, and
resorcinol, the concentrations of hydroquinone and resorcinol
did not exhibit any change for the various flow rates tested,
within the margins of experimental uncertainty. Catechol,
however, showed a similar concentration drop at lower flow
rates, as was observed in the previous experiment. This
excludes the possible transformation of resorcinol to hydroqui-
none (ky,), its degradation to organic acids (k3,), and minerali-
zation (ky4,), during the residence times of the experiments.
Similarly, hydroquinone did not degrade in the time of the
experiment, eliminating the reaction pathway toward organic
acids (ki) and mineralization (k4y) for the studied catalyst.

This degradation mechanism and the reaction pathway of
phenol decomposition, involving only hydroquinone as the
reaction intermediate, correlates well to the research per-
formed by Wang et al.,* who studied the effect of crystallite
size and crystallinity of anatase nanoparticles on the photo-
degradation of phenol. The authors found that crystallinity
had a negligible effect on phenol photodegradation and the
evolution of the intermediates, whereas the crystallite size
had a profound effect on the photocatalytic reaction path-
ways. They showed that the production of benzoquinone is
completely suppressed in the case of the catalysts containing
large anatase nanoparticles, while a significant evolution of
hydroquinone takes place. The largest anatase nanoparticles
in their work, which also gave the highest hydroquinone
yield, were 26.8 nm. The anatase nanoparticle sizes, deter-
mined from the XRD pattern of the TiO, catalyst used in the
present study (Figure 3a), calculated by the Scherrer equa-
tion were 24—110 nm, which explains the photodegradation
of phenol to hydroquinone.

The authors®' also observed hydroquinone accumulation
for all the studied anatase catalysts. Furthermore, they
showed that the selective oxidation of phenol to catechol is
very slow, that the decomposition of phenolic compounds is
faster than direct phenol decomposition, that phenol and its
phenolic derivatives convert to CO, only after prolonged
irradiation periods, and that the selective oxidation of phenol
to catechol is very slow. Although the reasons for the evolu-
tion of different intermediates have been revealed, the under-
lying mechanisms have yet to be discovered.

The kinetics of catechol degradation to organic acids was
determined with regression analysis, considering the results
from the catechol experiments as well as the results from the
experiments involving catechol, hydroquinone, and resor-
cinol. The determined kinetic constant for the transformation
of catechol to organic acids (k3.) was 6.72 X 107° mol m 2
s~'. Figure 5 presents the experimental data and model
results for catechol degradation during the residence time of
the experiment, where ¢ represents the catechol and ao repre-
sents the lumped organic acids (acetic and formic). The con-
centration of the organic acids was calculated through the
stoichiometric relationship due to the obtained negligible
extent of mineralization and is presented as the average
value across the microchannel cross-section. The isosurface
plot of the catechol concentration for 10 uL min ' is pre-
sented in Figure 6.

During the experiments concerning the photocatalytic deg-
radation of phenol only hydroquinone was detected, while
catechol, resorcinol, and benzoquinone were not, or were
below the detection limit. The appropriate reaction pathways
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Figure 5. The experimental and model results (at

microreactor exit, z=2) of photocatalytic
catechol degradation for different residence
times (r) (various utilized volumetric flow
rates); C. represents catechol concentra-
tion, while C,, represents the organic acids’
concentration.

(with the kinetic constants k., ki, and k;,) were therefore
excluded from the reaction scheme. As benzoquinone was
never present in the system, its decomposition reaction con-
stants kpyp, k3p, and k4, were not subject to regression analysis
and were not evaluated. TC, TOC, and IC analyses showed
that there was no increased CO, presence in the solution,
eliminating the reaction pathways with the corresponding
reaction constants kjcop and k40,. The kinetic-parameter deter-
mination was performed for &y, (phenol to hydroquinone) and
k102 (phenol to organic acids). The values obtained for kiy, and
K10 were 347 X 107* mol m™? s™" and 9.30 X 10° mol
m 2 s~ !, respectively. The experimental and model results
(average concentrations across the microchannel cross-section)
are presented in Figure 7 for the case of 6.08 X 10> mol
L ! (a)and 1.17 X 107* mol L™! (b) initial phenol concen-
trations. Phenol conversions for the longest microreactor resi-
dence time of 7.22 min were 79.5, 69.9, 54.2, and 38.8% for
the 6.08 X 107, 1.17 x 107*', 2,60 x 107%, and 5.31 X
10~* mol L™" initial phenol concentrations.
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Figure 6. The isosurface plot of the concentration of
catechol at 10 uL min~" along microreactor.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The initial rates of reaction were higher at smaller initial
phenol concentrations that is, even though the concentration
of phenol linearly increases the reaction rate according to
Langmuir—Hinshelwood mechanism (Eq. 6, numerator term),
the adsorption is strongly shifted toward adsorbed as
opposed to desorbed species (Eq. 6, denominator term).
Thus, at higher initial phenol concentrations, the quantity of
phenol absorbed on the catalyst surface increases and sup-
presses OH™ radical formation.”' This may be deducted
from the employed adsorption constants and is valid not
only for phenol, but for intermediates as well. The latter
may also be considered as one of the main underlying mech-
anisms, responsible for the limited extent of mineralization.
The removal of reaction intermediates and products is under
batch operation largely facilitated by vigorous mixing,
quenching of the evolved species, and in turn shifting the
adsorption equilibrium toward desorption. This seems to be
rather suppressed under laminar flow conditions at low
Reynolds numbers. A relatively simple solution would in
this case pose itself by the utilization of passive or active
micromixers and continuous reactor elongation to allow for
comparable residence times and terminal phenol conversions.

The occurrence of possible reverse reactions of CO, to
CH,4, CH,0, and CH3;0H was discarded. Although the men-
tioned reactions are possible, the resulting species would
have been detected and TOC analysis also showed that there
was no change in the TOC.
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Figure 7. Photocatalytic degradation of phenol to hydroquinone and carboxylic acids at 6.08 x 107° mol L™ (a)
and 1.17 x 107* mol L™ (b) initial phenol concentrations for various residence times () corresponding

to the different applied volumetric flow rates.
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Figure 8. The concentration profile of phenol (p) and hydroquinone (h) under steady-state conditions at a flow rate
of 10 L min~ " and a 1.17 x 10~* mol L™" initial phenol concentration. The planes are positioned at 1/3

and 2/3 depth, and 1/4, 2/4, and 3/4 length.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The concentration profiles of phenol and hydroquinone at
a flow rate of 10 uL min~ ! and a 1.17 X 10~ * mol L™ ini-
tial phenol concentration are presented in Figure 8. It is clear
that the concentration of phenol (p) is lower at the three cat-
alytic walls, where the photocatalytic degradation takes
place, and how the concentration of hydroquinone (h) is
higher at the catalytically active walls. Diffusional transport
in the directions parallel to the flow evens out the concentra-
tion difference, which pertains for phenol, hydroquinone, and
organic acids alike.

Light intensity and pH

The results obtained from the experiments performed at
different UV intensities (1.2, 5.0, 8.6, and 9.3 mW cmfz)
did not display any observable intensity-related effect on the
reaction kinetics and are presented in Figure 9. Chowdhury
et al.”' showed that at much higher light intensities (e.g.,
100 mW cmfz), the value of the irradiance-dependence
exponent n is approximately 2, which would explain the
minute effect of light intensity at its much lower levels, as
the derivative of quadratic dependence approaches zero on
the utilization of no irradiance. Analogously was noted by
Wang et al.?® who obtained a rather poor dependence on
irradiation that is the variation of irradiance power from 300
to 100 W (67% decrease) yielded only a 5% difference in
the apparent reaction constant, which is within the margin of
error. As the reaction rate was not dependent on light inten-
sity, the irradiance term /" was excluded from the rate equa-
tion (Eq. 6), and the kinetic parameters were presented under
saturated light conditions. Drastically, lower light intensities
would require the determination of light intensity dependent
kinetic parameters, along with irradiance-dependent exponent
n. Phenol did not decompose during the experiments con-
ducted in the dark. Moreover, no decrease in phenol concen-
tration was observed, when measurements were performed
without UV irradiation, which would suggest that even
though the thermodynamic equilibrium predominantly favors
the adsorbed form as opposed to desorbed solvated species,”
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the catalytic surface to liquid volume in the microreactor
was too small to provide noticeable phenol decrease solely
due to phenol adsorption. Moreover, a low rate of adsorption
may not be considered as the explanation for the lack of
phenol degradation in the dark, as the majority of stud-
jes'*#13172022 5oint out the surface reaction as the rate-
determining step, the latter being one of the essential suppo-
sitions to justify the validity of the formulated Langmuir—
Hinshelwood mechanism.

The pH of a pollutant solution is an important parameter
in a photocatalytic process. It determines the surface-charge
properties of the photocatalyst and the interactions between
the surface of the semiconductor and the organic molecules.
The point of zero charge for titania was reported at pH 6.25,
which means that the surface of TiO, is positively charged
at lower pH and negatively charged at higher values.

1.0
o 12mWcem? °
= 50mWcem? -
081 o gemwWem? T v
v 93mwWcm? g 3 v
£ 06 '
[0}
£
@
o
S 04
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0.0 0.2 04 0.6 0.8 1.0

model
Figure 9. The parity plot comparing the experimental
and model results for different light inten-
sities. The dotted lines denote the 20% mar-
gin of error.
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Figure 10. Photocatalytic degradation of phenol to hydroquinone and carboxylic acids at pH values of 2.4 (acidic)
(a) and 10.5 (alkaline conditions) (b) for different residence times (z).

Moreover, the high concentration of OH ions at higher pH
values might generate a larger amount of oxidative hydroxyl
radical species and, therefore, can enhance the activity of the
photocatalytic process, which is not the case in the solutions
with lower pH values. Conversely, OH  ions create a strong
repelling force with a negatively charged TiO, surface at
higher pH values, which could be attributed to the decrease
in the activity, observed in present study as well. Further-
more, a high concentration of OH ™ ions prevents an effec-
tive penetration of UV irradiation to the catalytic surface.’”

The effect of non-neutral pH was expressed as the com-
petitive adsorption of hydroxide ions and protons on the cat-
alyst surface, reducing the reaction rate by occupying the
catalysts’ active sites. The initial phenol concentration in the
experiments was 2.60 X 10~* mol L™ and the UV intensity
was 1.2 mW cm™ 2. At a pH of 2.4, the corresponding con-
centrations of H" and OH~ ions were 3.98 X 10~ * mol L'
and 2.15 X 1072 mol L™, while for the pH of 10.5, the
values for H" and OH™ ions were 3.16 X 10~"" mol L™'
and 3.16 X 10~* mol L™'. The Langmuir adsorption con-
stants for the two ions were obtained by regression analysis
of the experimentally obtained data and were 1.09 X 10* L
mol ™! and 3.05 X 10* L mol™! for H" and OH™, respec-
tively. A good agreement was obtained with the acquired
constants at all pH values (Figure 10).

Transient operation

The transient experiments were performed at an irradiation
intensity of 1.2 mW cmfz, neutral pH, and various flow
rates. Samples were collected prior to achieving steady-state
conditions. The experimental concentrations were similar in
all cases, within the experimental uncertainty, that is, the
concentration of phenol increased basically as a step func-
tion, implying that the convection model for laminar flow
[cumulative distribution function being defined as F = 1-1/
(4(t/1:)2)] approached stepwise behavior. This means that the
reactor approaches a plug-flow mode of operation at its end
(exit effects may be considered responsible for parabolic
profile flattening), with negligible longitudinal dispersion of
the species in the solution due to axial dispersion, which had
already been predicted by the calculation of the Péclet num-
bers and further verified with the transient experiments. The
absence of any noticeable component breakthrough prior to
t =1 implies not only the absence of any axial dispersion,
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but also back mixing due to the roughness (porosity) of the
catalyst-liquid interface.

Conclusions

Photocatalytic phenol decomposition inside a fabricated
microreactor system with TiO, immobilized on the micro-
channel walls was successfully performed with the highest
conversion of 79.5% at for a residence time of 7.22 min, at
454 X 107° mol L' initial phenol concentration. The
experiments showed that phenol decomposed to hydroqui-
none and organic acids, while hydroquinone did not decom-
pose within the residence times of the experiments.

In this sense, hydroquinone, which is a commercially
important chemical, was effectively produced in the photoca-
talytic microreactor system. TOC analysis showed that min-
eralization did not occur at any of the performed
experimental conditions, a possible reason for this being the
strong adsorption of species (reactants, intermediates, and
products) and laminar flow conditions (species quenching).
Catechol was the only intermediate which would decompose
during the residence time of the experiment. Utilization of a
microreactor system shows promise for the production of
reaction intermediates, and can be precisely characterized
and operated with the help of mathematical modeling. Fur-
thermore, microreactors provide a suitable laboratory plat-
form for kinetic studies.*?

The results of this work showed selective phenol photode-
gradation to hydroquinone. Further research is required to
explain the inherent mechanisms behind selective phenol
degradation, which had been shown to be directly correlated
to the size of the TiO, crystallites.*>

Process modeling revealed the necessity to acknowledge
transport phenomena in terms of external liquid mass trans-
fer and pore diffusion to distinguish among the individual
contributions to the overall degradation extent. Moreover,
the analysis of reaction pathways showed that several reac-
tion steps may be considered negligible, the latter being
rather specific to catalyst characteristics, but the outlined
methodology, nonetheless, still applies.
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