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Abstract: The nanoparticle seed layer (a film) and vertically aligned nanorods of zinc oxide (ZnO) with
different lengths were fabricated within a novel chamber-based microfluidic (microchamber) reactor with a
varying height of 0.127-5mm and characterized with their microstructures, photocatalytic performances as
well as qualitative reaction kinetics. The ZnO seed layer was produced by a sol-gel procedure and the
nanorods were hydrothermally grown on seed layer coated glass substrates. These ZnO samples were
integrated into the microchamber reactor through a seven-layer sandwiched configuration. The aqueous
methyl orange (MO) solution was chosen as a model polluted water. By comparing the ultraviolet-visible
(UV-Visible) absorbance of the original MO solution and the post-treatment sample, the reaction constants
were calculated, representing the efficiencies of the reactors. The ZnO samples, usually possessing a large
amount of defects, with a higher crystal quality showed an enhanced activity. The reaction constant was
featured of a plateau with accelerating flow rates, exhibited an exponentially decreasing function of the
chamber height, and declined with increasing the initial concentration of the MO solution. The efficiency of
the microchamber reactor was found to be one to two orders of magnitude higher than that of a batch reactor.
The rate determining step was suggested to be the mass transport related adsorption of MO on ZnO. The
measured reaction properties and the reactor design should be of considerable significance to the scaling-up
and optimization of microchamber catalytic reactors dedicated to water purification and other applications.
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1. Introduction

Enormous research activities have been performed to increase the efficiency of photocatalysis based water
purification technologies. These approaches include but are not limited to: (1) catalyst developments
(morphology, defects, orientation and surface area) [1]; (2) process optimizations (pH value, reaction
temperature, intensity of incident light) [2]; and (3) reactor designs (macroscale or microfluidic reactors)
[2,3]. The key issues related to the limited efficiency of such processes are the recombination of the majority
of photo-excited electron/hole (e/h) pairs [4,5], limited mass transfer, and restricted photon transport [3].
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Using a microfluidic device that integrates microchannels with immobilized catalysts has been shown to
improve the photocatalytic efficiency, thanks to its attractive features including a large surface-to-volume
ratio, a short diffusion distance and a rapid mass transfer process of molecules from the solution to catalysts
[6,7]. In addition, the immobilized catalysts do not require post-separation and recovery which are common
for suspended catalysts, although their total surface area needs to be optimized. This kind of microfluidic
reactors, as reported, has shown an efficiency which was two orders of magnitude higher than that of batch
reactors [6-8].

There are still a few challenges to be addressed in order to apply microfluidic reactors in photocatalytic
water purification. One is the sophisticated fabrication procedure arranged in the microscale dimensional
domain. Polydimethylsiloxane (PDMS) is one popular material having been used as it is optically
transparent, chemically inert and easy to be processed [7], but it has the risk of air inflow and may collapse
due to its low elastic modulus [9]. Another challenge is the capacity or output of the microfluidic reactor.
The small internal volume normally restricts the amount of water that can be treated [10]. Scaling-up and/or
numbering-up methods are usually considered to solve this problem. While scaling-up may be difficult and
potentially break down the microfluidic features, integrating a number of microfluidic reactors into one
system, which is numbering-up, can multiply the output. For photocatalytic applications, however, each
reactor needs to be exposed to the incident light, which complicates the numbering-up design. There are two
major types of microfluidic reactors, namely, channel-based (microchannel reactor) and
microchamber-based (microchamber reactor) [6-9]. The microchannel reactor is normally more efficient for
catalytic applications, but its manufacturing is very complex, especially when many channels are piled into a
large bundle [7]. Meanwhile, the incident light scattering or reflection between channels is an issue to be
addressed during numbering-up of these reactors. On the other hand, the microchamber reactor is
advantageous due to its larger output, less complex fabrication method and easier design for scaling-up or
numbering-up and hence has a potential to be applied in the field of photocatalytic water purification or
other catalytic reactions.

Some knowledge gaps remain on the design and operation of microchamber reactors for photocatalytic
applications. For example, these influences of flow rates and microchamber geometries (e.g. height and
catalyst shape) on the catalytic performance are not clear to date. The efficiency of microchamber reactors
with varying heights of 100-800 um was reported to increase when the flow rate was changed from 25 to
600uL/min [6-9,11]. Beyond this range of flow rates, data are however lacking. Assuming that the flow rate
is extremely high, the residence time of the polluted water within the reactor can be shorter than the time
scale needed for photocatalyzed dye oxidation. Therefore, there should be a turning point from which the
efficiency starts to decrease with flow rates. Investigation of this point will help to determine the optimal
flow rate of the reactor. In addition, increasing the reactor height can increase the output but also extend the
diffusion length which could result in a reduced efficiency. To understand how the reactor height affects the
efficiency is a key step for scaling-up and determining the microchamber geometry with the optimized
capacity and efficiency. To study the qualitative Kkinetics of the photocatalytic oxidation in microchamber
reactors would help to address those issues.

Concerning the photocatalysts integrated with microchamber reactors, zinc oxide (ZnO) is less reported than
titanium dioxide (TiO,). ZnO has the advantages of lower cost and higher activity in the degradation of
many kinds of dyes and bacteria [12-17], though it shows a comparatively lower stability. ZnO is able to be
immobilized in the form of a nanoparticle thin film or vertically aligned nanorods. The cost-effective routes
to fabricate ZnO thin film (seed layer) and nanorods are the sol-gel method and hydrothermal procedure,
respectively [18,19]. It is important to choose a suitable catalyst state (seed layer or nanorods) for improving
the efficiency of a microchamber reactor. The ZnO nanorods are deemed to be more efficient thanks to the
comparatively higher surface area. The performance of ZnO nanorods, however, has been reported to be
better or worse than the thin film prepared from various methods [20-24]. In the case where the thin film
was more active, it was attributed to the higher surface-to-volume ratio and better (002) orientation [21].
When the nanorods performed better, the authors referred it to the joint effects of their higher surface area,



better wettability, larger roughness and smaller band gap energy [24]. A comparative study of the ZnO seed
layer and nanorods is necessary not only for the design of microchamber reactors but also for a
comprehensive understanding of their different activities.

In this work, we developed a unique design of microchamber reactors to accommodate the photocatalytic
activities of ZnO nanoparticles and nanorods. The fabrication method was simple, the reactor height was
readily controlled by using different spacers, and the reactor was ready for scaling-up and numbering-up.
The ZnO nanoparticle seed layer and vertically aligned nanorods with different lengths were fabricated
directly on the bottom wall of these reactors, which was dismountable and renewable. A comprehensive
understanding of their photocatalytic performances was achieved by extensive characterizations of their
microstructures and reaction constants. The kinetics of photocatalytic oxidation in microchamber reactors
was qualitatively determined, and the effects of flow rates and reactor heights were also demonstrated.

2. Experimental

2.1 Preparation and characterization of the ZnO seed layer and nanorods

The ZnO seed layer was produced by a sol-gel procedure and the vertically aligned nanorods were
hydrothermally grown on seed layer coated glass substrates [19]. The growth was conducted for 2h, 4h or 6h
to achieve ZnO nanorods with different lengths, denoted here as nanorods_2h, nanorods 4h and
nanorods_6h in the following text. The details are shown in supplementary materials.

The morphologies and microstructures of the ZnO seed layer and nanorods were examined by using an
atomic force microscopy (AFM, Multimode™ SPM, Digital Instruments) in a tap mode, a X-ray
diffractometer (XRD, X'pert Pro MRD, PANalytical) and a scanning electron microscope (SEM, Zeiss
ULTRA Plus). An ultraviolet-visible (UV-Visible) spectrometer was employed to measure the transmittance
of the ZnO samples in a wavelength range of 200-500nm. Photoluminescent (PL) measurement (Edinburg
Instruments) in a wave length range of 350-850nm with a step of 1nm and a dwell time of 0.5 second was
performed for the ZnO samples at room temperature. The PL was excited by a 330nm line of He-Cd laser.
2.2 Design of a microchamber reactor integrated with the ZnO samples

A sandwiched configuration of a microchamber reactor was developed for the photocatalytic reactions. As
shown in Fig. 1, it was assembled by seven layers: from the bottom to the top, (1) a bottom aluminum base;
(2) a lower polymethyl methacrylate (PMMA) base; (3) a ZnO seed layer or nanorods coated glass slide; (4)
a silicon rubber gasket, whose thickness was the reactor height and could be flexibly adjusted from 127um
up to 5mm in this work; (5) a bare glass slide exposed to the incident light; (6) an upper PMMA plate; and (7)
a top aluminum plate. Both the upper PMMA plate and the top aluminum plate were produced with a
rectangular opening (59mmx10mm) right through their whole thicknesses, allowing the external incident
light reaching onto the bare glass slide and penetrating to the interior solution. Moreover, each of these two
layers and the bare glass slide were drilled with two holes that facilitated the inflow of the MO solution from
one side and the outflow after the photocatalytic reaction from the other side. These holes on both sides were
aligned coaxially and connected as well as sealed by using O-rings. Twenty screws were fastened between
the top and the bottom aluminum layers, without interfering with the middle five layers, to seal the system.
Note that although there was a slight squeezing deformation of the gasket due to the compression, it did not
change its thickness too much (< 5%).

2.3. Evaluation of photocatalytic performances of the ZnO samples in the batch reactor and
microchamber reactors

The aqueous MO solution (5ppm) was chosen as a model polluted water. For the batch reactor, one sample
of the ZnO seed layer or nanorods was immersed into 15mL MO solution stirred by a magnetic bar at
300rpm. Before irradiation, the MO solution had been stirred for half an hour to ensure adequate absorption
of the dye onto the catalyst surface. Then the reactor was located and irradiated under the center of an area
source of UV light with a power of 100W, a diameter of around 18cm and a wavelength of 365nm. ZnO has
a band gap of 3.37 eV, which corresponds to emission in the UV region (<375nm). Considering UV with a
larger wavelength is more in solar UV, we chose 365nm rather than other common commercial UV lamps of



320nm or 350nm. The UV intensity on the sample was not homogeneous due to the features of an area light
source and distributed in the range of 5-16mW/cm?. During the irradiation, every 30 minutes the absorption
spectrum of the MO solution was measured using a UV-Visible spectrometer. Its absorbance at a wavelength
of 464nm was proportional to its concentration and decreased with the irradiation time. Then the degradation
rate of MO and the efficiency of the ZnO samples in the batch reactor were determined. In addition, the MO
solution in the batch reactor without ZnO catalysts was irradiated by UV to study the photolysis of MO.

The microchamber reactor was irradiated by the same UV source. The inlet was connected with a syringe
via tubing driven by a syringe pump to control the flow rate. The MO solution was injected into the reactor
at different flow rates ranging from 50 to 1400uL/min. The degraded MO solution was collected at the outlet.
Note that the whole system was in a continuous operation for around twenty minutes before any sample was
collected. This waiting time was to ensure the flow rate got stable. In addition, any bubble in the tubing had
to be avoided, as it might not be eliminated once introduced into the chamber. By comparing the UV-Visible
absorbance of the original MO solution and the collected sample, the efficiency of the ZnO samples in
microchamber reactors was obtained. Additionally, the microchamber reactor with the MO solution but
without ZnO catalysts was irradiated by UV, where the photolysis of MO was too little to be detected as the
residence time of the MO solution was as short as several to tens of minutes.
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Figure 1. A photo of top view (left) and an assembly image of the microchamber reactor (right).

3. Results and discussion

3.1 Characterization of the ZnO samples

For photocatalytic reactions, the structure and surface properties of photocatalysts are of especial significance.
The XRD patterns in Fig. S1 revealed a strong preferential orientation of ZnO in c-axis perpendicular to the
substrate, which is common for hydrothermally grown ZnO. The penetration length (where the intensity falls
to ~37% of the original value) of UV light at 365nm into ZnO is ~40nm [25]. Based on that, UV light is
estimated to penetrate into the top surface of ZnO by around 100nm before dropping to 0. Beyond that
distance, the interior part of the ZnO samples is not excited to produce e/h pairs. In other words, only the
material with a thickness of several tens of nanometers is effective. Compared to the surface properties of the
seed layer, the nanorods presented a larger overall surface area, higher surface roughness (Fig. S2), higher
UV absorption, smaller band gap energy (Fig. S3) and more defects (which leads to a lower crystal quality)
(Fig. S4). The length of the nanorods 2h, 4h and 6h was ~1um, 2-2.5um and 3-4pm (Fig. 2), respectively.
The details are shown in supplementary materials.
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Figure 2. SEM images of the longitudinal cross section of the ZnO nanorods 2h, 4hand _6h.
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3.2 Photocatalytic performances of the ZnO samples in the batch reactor

The photocatalytic efficiency of the ZnO seed layer and nanorods in the batch reactor is presented in Fig. 3.
The uncertainties here and in the following figures were determined using the standard deviation. The
photolysis of MO under the experimental conditions in this work was very little, ~5% after 4 hours’
irradiation, and ignored in the photocatalytic results. The ZnO seed layer, nanorods_4h and _6h performed
similarly and better than the nanorods_2h. From Fig. 3a one can notice a continuous degradation of MO under
the UV irradiation. After 4 hours, 97% of MO was decomposed by using the seed layer, nanorods_4h and _6h.
90% of MO was degraded by the nanorods_2h. Fig. 3b presents the fitting of —In (C/Cy) versus irradiation time
where C is the concentration of the MO solution after the UV irradiation and Cy is the original concentration.
—In (C/Cy) was a linear function of the reaction time, matching the first order reaction law. The slope was used
to calculate the reaction constant K (min™), representing the degradation rate of MO or the efficiency of the
ZnO samples in the batch reactor. The K of the seed layer, nanorods _2h, 4h and _6h was 0.014+0.001,
0.010£0.001, 0.015+0.001 and 0.015+0.001, respectively.
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Figure 3. Photocatalytic degradation of MO under UV light by using the ZnO samples in the batch reactor
(@) and plots of —In(C/Cy) versus irradiation time (b).

That observation of the worse (nanaorods_2h) or similar (_4h and _6h) activities of nanorods, compared with
the seed layer, was not expected, considering that the nanorods had the joint effects of larger surface area,
larger roughness and smaller band gap energy, which were responsible for the better behavior of the nanorods
in ref. [24]. The most possible explanation of our observation was that the low crystal quality (too many
defects) of the nanorods traded off the aforementioned joint effects. Separation of e/h pairs is a key factor to



achieve a good activity, as the recombination probability is high [1]. A high crystallinity which leads to better
transportation/separation of e/h pairs and more surface defects that act as active reaction centers are both
beneficial for improving the photocatalytic efficiency [1,5,26-28]. But a comparatively large amount of
defects reduces the crystallinity. In our case that all the samples possessed a considerable number of defects,
the crystal quality played a more significant role in determining the efficiency. This hypothesis was supported
by the annealed nanorods_6h (500°C for 1 hour in air), which showed an improved crystallinity and resulted
in a higher photocatalytic activity (0.019) than the as-produced nanorods_6h (Fig. S4 and S5).

Another noteworthy result is that the nanorods_4h and _6h with different lengths exhibited the comparable
activity. Similarly Z. Liu et al. reported that TiO, nanotubes with a length of 12um and 17um were equally
active [29]. It was likely caused by the light trapping or MO trapping among the long and dense nanorods.
The UV light could be absorbed or obstructed by the upper parts of the nanorods, leaving their lower parts
unreachable. In other words, there is a “UV shadow”. Moreover, negatively charged MO molecules that are
adsorbed onto the top parts of nanorods become a barrier for further adsorption of MO molecules onto the
deep parts, which causes a “MO shadow”. Due to the existence of the UV shadow and MO shadow, the
performance of the nanorods increased firstly with the length due to the enlarged surface area (nanorods_4h >
nanorods_2h), but became stabilized when the nanorods became longer and/or denser (nanorods_4h =
nanorods_6h).

3.3 Photocatalytic performances of the ZnO samples in microchamber reactors

The photocatalytic efficiency of the ZnO seed layer was evaluated in microchamber reactors with a height of
0.127-5mm by applying flow rates of 50-1400uL/min. When the chamber height was at the millimeter scale
(1-5mm), the flow rate was set to a small range of 50-600uL/min. Increasing the flow rate was found to cause
a very small change in the concentration of the MO solution after flowing out of the reactor, which was out of
the measurable range of the UV-Vis spectrometer. The effects of flow rates, reactor heights and the initial MO
concentration on the reaction constant K (min™), which represents the efficiency, are shown in Fig. 4. The K
was defined as -(InC/Cy)/t, where Cy is the initial MO concentration, C is the MO concentration of the
solution flowing out of the reactor and t is the residence time (the volume of the reactor divided by the flow
rate). It is clearly demonstrated that the K of the microchamber reactor was one to two orders of magnitude
higher than that of the batch reactor (0.015). Moreover, the K curve possessed a plateau with the increase of
the flow rate (Fig. 4a) and exhibited an exponentially decreasing function of the chamber height (Fig. 4c). The
chamber height influenced the efficiency much greater than the flow rate did. In addition, the K curve
declined with the increase of the initial MO concentration (Fig. 4d).
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Figure 4. Plots of the reaction constant of the ZnO seed layer in microchamber reactors versus flow rates (a,
b), versus reactor heights at a certain flow rate of 200pL/min (c) and versus the initial MO concentration at a
certain flow rate of 100, 200 and 400uL/min (d).

The photocatalytic performances of the ZnO seed layer and nanorods were compared in the microchamber
reactor with a height of 0.5mm by applying flow rates of 50-1000uL/min. The K of each sample versus flow
rates is presented in Fig. 5. The efficiency of the samples was pretty similar and the minor difference was
almost within the scope of the error bar. However, the batch reactor screened out the nanorods_2h, which
showed a slightly lower efficiency than the other samples. That means the microchamber reactor may not
differentiate photocatalysts which have slightly different photocatalytic properties.
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Figure 5. Plots of the reaction constant of the ZnO seed layer and nanorods versus flow rates in the
microchamber reactor with a height of 0.5mm.

In this work, the accuracy of the derived reaction constant within the microchamber reactor was limited by
three factors, which were the major causes of the relatively large error bars presented in the figures. The first
factor was associated with the ductile spacer of silicon rubber gaskets. When the soft spacer was compressed
during the assembly of the sandwiched reactor, it was slightly deformed. In different reactors, the spacers
could end up with slightly different rectangle-like shapes, resulting in uncertainties. Another factor was the
dead volume in the reactor, which was referred to the stagnant liquid that is randomly attached to the inner
wall of the reactor due to surface tension. The heterogeneity between the dead volume and the flowing
solution would generate uncertainties. The third factor was related to the measurement error of the MO
concentration which could lead to a big variation of the reaction constant (K=-In (C/Cy) /t) through error



propagation. This uncertainty was especially considerable, when both the reactor height was greater than
1mm and the flow rate became larger than 200uL/min. In these conditions, the concentration decrease (Co-C)
was as small as <10% of the original concentration, which was near the system error of the UV-Vis
spectrometer.
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Figure 6. A schematic diagram of the flow pattern (left) and procedures of the photocatalytic oxidation
(right) in microchamber reactors.

The photocatalytic oxidation kinetics in microchamber reactors involves flow-pattern-relevant mass transport
followed by a sequence of adsorption, surface reaction and desorption as shown in Fig. 6 (right). There is a
laminar flow in the reactor, since the Reynolds numbers in all experiments are in the range of 0.1-2.6. The
mass transport of MO to the bottom where catalysts are located is achieved mainly by diffusion. Considering
the first two steps of mass transport and adsorption, in ref. [30,31] an expression of the initial rate constant ka
(mm/min) of adsorbates being adsorbed onto the immobilized adsorbents in a slit (microchamber) was
proposed for laminar flows. The ka was defined as kaC=dI7dt;_,,, where I" (mg/m?) is the adsorption amount
per area, t (min) is the adsorption time, C (mg/L or ppm) is the adsorbate concentration and the kinetic order
is one. The ka is a function of the kinetic adsorption rate constant k, (mm/min) and the mass transport
controlled Lévéque constant k e, (mm/min). The expression of ka =k, " +k e, " is the simplest approximation.
Ref. [30] can be referred to for deriving a more accurate and complex function of ka. The kj is related to the
energy barrier of adsorption. The k, of MO being adsorbed onto ZnO in this work is assumed to be inversely
proportional to the initial MO concentration Coy, based on the fact that the k, of MO being adsorbed onto
Al,O3 supported ZnO versus 1/Cy was roughly linear with the correlation constant being 0.994 in conditions
of Co<150ppm [32]. This agrees with that a higher MO concentration causes a higher mass transfer
resistance [32]. Then Kk, is roughly calculated by k,=a/Cy, where a is a constant. The k¢, corresponds to a
fully mass transport controlled adsorption. The expression is kLeV(x):O.538(D2y/x)1’3, where D (mm#min) is
diffusion coefficient of the adsorbate, x is the distance from the entrance and y (/min) is shear rate at the
bottom wall where the adsorption occurs [30,31,33]. The average value over the reactor length L (mm) is
kLeV:O.808(D2y/L)1’3 [30]. The velocity profile of the laminar flow in a slit is parabolic along the chamber
height as shown in Fig. 6 (left) and relevant expressions are as follows [34]:

V(Z) = Z—ﬁ (g - Z) (g + Z) 1)
vp =L 2
y=f=-2 Z=3 (3)

where V is velocity (mm/min), VP is pressure drop (Pa/mm), h is the reactor height (mm), w is the chamber
width (mm), Q is the volume flow rate (uL/min) and 7 is the viscosity of the flowing solution (Pa * min). By
substitution, the expression of the adsorption rate constant is obtained as follows:

1 1

ko = Co, L1/3w1/3p2/3 = o _br2/3 (4)
a 0.808D2/361/3Q1/3  a  1/3




where b is a constant determined by w, L and D. The ka needs to be transformed in order to describe the MO
concentration decrease caused by adsorption. The transformation is presented as follows:

s
Z_i:%:%g_::%kACO = K4Co (KA:%kA) ()
where s (mm?) is the surface area of the adsorbent ZnO, I's is the adsorption amount, sh is the volume of the
MO solution, 7's/sh is the MO concentration change after adsorption, and Ka (/min) is the transformed
adsorption rate constant. By combining equation (4) and (5), the expression of Ka is obtained as follows.

_ka _ 1 _ 1
Ka = h~ hCo, LY3w1/3RS/3 T hco bhS/3 (6)
a " 0.808D2/361/3Q1/3 a ' Ql/3

In the microchamber reactor, a rate determining step could be the surface photocatalytic reaction or mass
transport relevant adsorption, assuming desorption of products is very fast (fourth step in Fig. 6 right). If the
surface reaction is the rate limiting process, the overall reaction rate K should not change much with varying
flow rates, which doesn’t agree with the experimental data (Fig. 4a, b). Therefore, the mass transport related
adsorption is more likely to be the rate determining step. This implies that any adsorbed MO molecules
would react instantly and the surface adsorption is away from equilibrium. The K is a function of the
adsorption rate constant Ka (not adsorption equilibrium constant) and active center coverage on the surface
of ZnO &0 as shown in the following [35].

K=KaBzn0. ()
The &0 is determined by properties of the ZnO samples and the UV intensity. With the same UV irradiation,
the efficiency of microchamber reactors is controlled by the reactor geometry (e.g. h), the flow rate, the MO
concentration, and catalyst properties. In addition, the overall reaction order is the order of adsorption,
which is one [32]. Therefore, the definition of the experimental reaction constant K (-(InC/Cy)/t) is
reasonable.

As for the efficiency of the ZnO seed layer in microchamber reactors with various heights, if the slight UV
intensity reduces caused by the adsorption of the flowing MO solution are ignored, &0 is a constant. The K

is described as follows:
1 1
K = KaOzno = 505 ne73 O2n0 = 5y 5wors (8)

a "ol 4 Qi3

where A and B are constants derived from a, b, and 6z,0. According to equation (8), the reaction constant is
enhanced with increasing the flow rate but decreases with the chamber height as well as the initial MO
concentration. And the effect of the reactor height is especially significant since it has the biggest exponent
(5/3). Those are in principle consistent with the experimental results shown in Fig. 4. As for the second stage
in Fig. 4a where the efficiency started to decline with flow rates, it was possibly due to the too short
residence time which might be even smaller than the time scale of adsorption or reaction. The time scale
calculated according to the plateaus in Fig. 4a was around 0.25-0.5s. Therefore, the proposed kinetics is
applicable in a certain range of flow rates. Beyond that range an additional factor of residence time should be
taken into account.

To further verify the reliability and limitations of the above kinetics, in Fig. 7 the curves (dotted lines) of
equation (8) substituted by fitting numbers of A and B were compared with the experimental results (scatters)
when the K increased with flow rates (first stage of Fig. 4a, b). The A and B in equation (8) were fitted to be
2 and 80 by the experimental data of reactors with a height of 0.127-1mm. The equation fits the experiments
well in a wide MO concentration range of 5-80 ppm in Fig. 7a and c. In Fig.7c, the fitted lines do not exactly
match the average experimental values, but fall within the error bar. When the reactor is higher than 1mm
(Fig. 7b), the experimental rate constant is a little larger than the value obtained by the fitted equation. The
adsorption model used to derive the Kinetics describes the initial adsorption rate constant when the
adsorption time approaches zero. The adsorption constant may vary with time. The experimental data are
average values over the whole residence time. This time factor could be different in microchamber reactors
with different heights, since the residence time is different. In addition, a simplest model of adsorption is




referred to, which restricts the precision. In the model, k, is assumed to be in an inversely linear relationship
with the MO concentration for simplification. The inverse function is likely not to be exactly linear.
Furthermore, the formula of the K doesn’t involve desorption of photocatalytic products which may affect
active center coverage &-no. In view of these constraints, this Kinetic equation is proposed to be applied
qualitatively. The fitted values of A and B (2 and 80) are for the comparison of experiments and the equation,
yet probably not the accurate physical values. Overall, the proposed kinetics qualitatively predicts and
explains the variation trend of the K with Q, h, and Cy in experiments.
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Figure 7. Plots of the reaction rate versus flow rates by using microchamber reactors with a height of
0.127-1mm (a) and with a height of 1.5-5mm (b), and the plot of the reaction rate versus the initial MO
concentration by using the microchamber reactor with a height of 0.5mm (c). The dotted lines and the
scatters are based on the data of seed layer obtained by the proposed kinetics and by experiments,
respectively.

The proposed qualitative Kinetics can explain the fact that the ZnO samples, which showed different
performances in the batch reactor (nanorods_2h was worse than the others), performed similarly in a
microchamber reactor. In microchamber reactors, mass transport related adsorption is a determining step,
and the reaction constant is associated with the reactor geometry, the flow rate and ZnO properties (equation
8), resulting in a diluted impact of ZnO properties. The impact of ZnO properties might be even covered by
the limited precision of our microfluidic measurements. In the well stirred batch reactor, the adsorption
equilibrium is reached before photocatalytic reactions occur, as the turbulent mixing eliminate the mass
transport effect. The Kkinetics is expressed as K=K,4sKrbno, Where Kg is the surface reaction constant
(mg/L/min), and Kygs is the adsorption equilibrium coefficient (L/mg) [36]. All parameters are related to
ZnO properties. Therefore, only the batch reactor screened out nanorods_2h with a slightly lower efficiency.
The microfluidic devices have been proposed to fast screen catalysts. For this application, the precision of
the device, such as the flow rate control and the reactor geometer, has to be in a very high level.



In consideration of the output of reactors, which is concerned in some practical applications, the nominal
capacity is proposed here as another significant parameter except for the reaction constant. The nominal
capacity (mL/min/m?) of a reactor in this work was defined as the volume of 5ppm MO solution, which can
be treated to a degradation of 97% within 1 min by using the ZnO seed layer with an area of 1m?. In our
batch reactor, 15mL MO solution was degraded by 97% in 240min and the area of the seed layer was
1875mm? (75mmx25mm). The nominal capacity was 33 mL/min/m? (15mL/240min/1875x10°m?). After
flowing out of the microchamber reactor, the degradation of the MO solution did not reach 97%. Assuming
that this once-treated MO solution circulates the microchamber reactor for several more times until the
degradation reaches 97%, the total time (t) could be calculated by the expression: K= -In[(1-97%)Co/Co]/t,
where K was obtained by experiments as shown in Fig. 4. Then the nominal capacity of the microchamber
reactor was calculated by microchamber volume divided by t and the area of the ZnO seed layer, and is
presented in Table 1. The bold font is to highlight the nominal capacity which is larger than that of the batch
reactor. A higher reaction constant did not necessarily correspond to a larger capacity. For example, as
shown in red font in Table 1, the reactor with a height of 0.127mm and a flow rate of 400uL/min had a
higher reaction constant and a smaller capacity, compared to the reactor with a height of 0.5mm and a flow
rate of 1000uL/min. To design a microchamber reactor, the reaction constant and the nominal capacity are
two evaluation criteria. For some small-volume applications such as materials screening and detection, the
reaction constant is dominant. In other practical uses, e.g. photocatalytic water purification, the capacity has
to be considered, where a specific reactor height and a certain flow rate should be collaborated.

Table 1. The nominal capacity of microchamber reactors.

Microchamber reactors with different heights (mm)

0.127 0.254 0.5 1 15 2 5
F(Loz\/lnﬁ;is The nominal capacity (mL/min/m?)

50 38 22 6 8 11 17

100 53 33 14 11 18

200 46 37 16 14 24 26 23
300 46 37 32 13 20

400 A0k=1103 42 26 15 29 25

500 44 42 40 12 30

600 45 42 35 14 29 32 29
800 42 37 34
1000 39 32 A7 (k=0.388)
1200 28
1400 22

4. Conclusions

In this work, the ZnO nanoparticle seeding layer and nanorods were fabricated and integrated into a
seven-layer sandwiched microfluidic chamber. The photocatalytic efficiency of microchamber reactors with
a height of 0.127-5mm was found to be one to two orders of magnitude higher than that of the batch reactor.
The qualitative kinetics of photocatalytic oxidation in microchamber reactors was determined. The rate
limiting step was suggested to be the mass transport relevant adsorption (the adsorption rate was controlled
both by the mass transport and properties of adsorbates/adsorbents). The rate constant was elucidated as a
function of the flow rate, the reactor geometry, the initial MO concentration as well as properties of
photocatalysts. Compared to a batch reactor, the impacts of photocatalyst properties on the reaction constant
were diluted by mass transport effects. For the ZnO samples with a large amount of structural defects, their



crystalline quality was of significance for determining the photocatalytic efficiency. The proposed qualitative
Kinetics and the experimental data are of great assistance to the design, optimization and scaling-up of
microchamber reactors for different purposes. For practical uses (e.g. water purification) where the output is
essential, a certain flow rate needs to be optimized with a specific reactor height. If the microchamber reactor
is designed to fast screen catalysts, a high level of precision has to be obtained to avoid the uncertainties of the
flow rate and the reactor geometry covering the difference of catalysts.
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