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Abstract: Semiconductor-based photocatalysis is a well-known and efficient process for achieving
water depollution with very limited rejects in the environment. Zinc oxide (ZnO), as a wide-
bandgap metallic oxide, is an excellent photocatalyst, able to mineralize a large scale of organic pol-
lutants in water, under UV irradiation, that can be enlarged to visible range by doping nontoxic
elements such as Ag and Fe. With high surface/volume ratio, the ZnO nanostructures have been
shown to be prominent photocatalyst candidates with enhanced photocatalytic efficiency, owing to
their being low-cost, non-toxic, and able to be produced with easy and controllable synthesis. Thus,
ZnO nanostructures-based photocatalysis can be considered as an eco-friendly and sustainable pro-
cess. This paper presents the photocatalytic activity of ZnO nanostructures (NSs) grown on different
substrates. The photocatalysis has been carried out both under classic mode and microfluidic mode.
All tests show the notable photocatalytic efficiency of ZnO NSs with remarkable results obtained
from a ZnO-NSs-integrated microfluidic reactor, which exhibited an important enhancement of
photocatalytic activity by drastically reducing the photodegradation time. UV-visible spectrometry
and high-performance liquid chromatography, coupled with mass spectrometry (HPLC-MS), are
simultaneously used to follow real-time information, revealing both the photodegradation effi-
ciency and the degradation mechanism of the organic dye methylene blue.

Keywords: ZnO nanostructures; hydrothermal synthesis; ZnO doping; photocatalysis; water puri-
fication; degradation mechanism study

1. Introduction

The management of water resources is a continually growing issue, impacting hu-
man health, climate change and the global economy [1]. Unfortunately, water pollution
problems, notably caused by various dyes originating from the textile, pharmaceutical
and food-processing industries, increase at the same time. For this reason, water quality
and treatment were set at the top of societal priority action list [2] to find efficient, low-
cost, and environmentally friendly purification processes, leading to a huge increase in
the research on this topic. Among all the solutions, photocatalytic oxidative processes ap-
peared as promising air and water purification methods due to their ability to degrade
and mineralize toxic organic pollutants into harmless compounds such as H20, CO,,
NOs... by using only a light source and a photocatalyst [3,4].

To produce highly efficient materials for water remediation, a variety of photocata-
lysts and synthesis methods have been developed [5-11]. Nevertheless, even among them,
some solutions are using complex, expensive, and energy-consuming production pro-
cesses. Furthermore, some of the synthesis processes, although efficient, lead to non-eco-
friendly photocatalysts. In order to develop new photocatalytic materials, it is therefore
needed to use eco-friendly photocatalysts, synthesized with a low-cost method, by using
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the least chemical products possible and employing the shortest possible fabrication pe-
riod. Moreover, photocatalyst synthesis must be universal to a large kind of support in
order to be developed at different scales, and to be usable by different solutions.

Among the different existing options of photocatalysts, zinc oxide nanostructures
(ZnO NSs) have been selected for their ease of growth using soft chemistry conditions.
Moreover, ZnO NSs have already shown great potential as eco-friendly photocatalysts for
environmental pollution remediation under UV or solar light [12-14]. Besides, ZnO is a
multifunctional material with for instance piezo-electric properties, which could improve
photocatalysis efficiency [15]. ZnO NSs also present the advantages of being low-cost pho-
tocatalysts, whose raw materials are abundant in nature [4], and which could be produced
by soft chemical methods, at low temperature, and with a reduced need for dangerous
chemical compounds. The easy-to-perform method of the hydrothermal synthesis only
requires a low processing temperature (< 100 °C) and a short duration (< 4 h), and could
be easily scaled-up and adapted to different substrates [12,15,16].

This paper gives an overview of our previous works on the development of different
ZnO-NSs-based materials by hydrothermal synthesis and their photocatalytic activity for
water purification. The universality and feasibility of this production will be presented on
various substrates, from wafer silicon (Si) substrates to civil engineering materials, and
from the classic synthesis in an autoclave reactor to an in situ synthesis in microfluidic
cells. Different strategies to reduce the ZnO band gap and improve its photocatalytic effi-
ciency will also be introduced. Then, this paper will display photocatalytic results under
classic mode and microfluidic mode, both under UV light and solar light. Furthermore,
this paper will investigate the photodegradation mechanisms of two organic dyes, meth-
ylene blue (MB) and Acid Red 14 (AR14), by UV-visible spectrometry (UV-vis) and high-
performance liquid chromatography, coupled with mass spectrometry (HPLC-MS).

2. ZnO Nanostructures Grown by Hydrothermal Synthesis and Strategies to Improve
Their Photocatalytic Activity

Usually, hydrothermal synthesis allows the ZnO NSs growth onto different sub-
strates by two simple operating steps: (1) a ZnO seed layer deposition for creating nucle-
ation sites on the substrate to act as nucleation centers to promote the homogeneous
growth of the ZnO NS. This step also allows a better control on the morphology and den-
sity of the ZnO NSs in the second step; (2) a hydrothermal growth in presence of zinc salt
and hexamethylenetetramine (HMTA) to obtain nanowires (NWs) or nanorods (NRs) fol-
lowing the growth mechanism presented in the Equations (1) to (5) [9,17-19]. During step
2, the ZnO NWs and NRs growth follows the (002) plan to minimize the surface energy
[20]. Indeed, ZnO polar faces have higher energy than the non-polar ones.

(CHy)¢N, + 6 H,0 — 6 HCHO + 4 NH, 1)

NH; + H,0 —» OH™ + NH;} 2)

Zn** + 40H™ - Zn(0OH)?™ - Zn0 + 2 OH™ + H,0 3)
Zn(NH3)3* +20H™ - Zn0 + 4 NH; + H,0 4)
Zn** + 2 0H™ - Zn(OH), L Zno + H,0 @)

This section presents the adaptation of this process to different substrates and the
main proofs of the good synthesis of ZnO NSs. The development of the synthesis at dif-
ferent scales with different modes and the strategies to improve photocatalytic activity are
also introduced.
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2.1. Silicon Functionalization

Si functionalization has been a well-designed synthesis for years now. The seed layer
deposition commonly consists of a spin-coating (1 min, 3000 rpm) of the Si substrate with
a buffer layer of polyvinyl alcohol (PVA, 10 g) and zinc acetate dihydrate (Zn(Ac)2H:0,
1 g) in water (500 mL). Then, the deposited thin film is calcined at 500 °C for 3 h in ambient
atmosphere to remove the PVA and form ZnO nanocrystallites as seeds. The growing
process of ZnO NWs is finally achieved at 90 °C during 4 h into a sealed Teflon reactor
containing an aqueous solution of zinc nitrate hexahydrate (Zn(NOs)2:6H20) and HMTA.
By playing with the concentration, the morphology and the defect concentration in the
ZnO band gap could be tuned (Figure 1) [20,21]. It is noteworthy to mention that our re-
sults presented in Figure 1 are in line with literature [20,21].

a)
[HMTA] = 12.5 mM [HMTA] = 25 mM [HMTA] = 37.5 mM [HMTA] = 50 mM

200 nm
H
b) B0 1900 ¢
E 60 ] g E =
£ ] T = 3 —— [HMTA] = 12.5 mM
2 40 F 1500 5 2 — [HMTA] = 25 mM
= F 1300 § £ — [HMTA] = 37.5 mM
© 1 F o} — =
o - {&~"—a— Diameter (nm3t 1100 = = [HMTA] = 50 mM
0 F———=fenagth () . F g5
10 30 50 300 500 700 900
HMTA (mM) A(nm)

Figure 1. (a) SEM images, (b) diameter and length, and (c) photoluminescence characterization of
ZnO NWs grown at fixed Zn(NOs)2 concentration of 0.05 M and variable HMTA concentration and
post-annealed at 500 °C.

In our previous work, two concentration conditions were selected depending on the
NWs wanted morphology (ratio diameter vs. length) and defect concentration: (1) 75 mM
of Zn(NO:s)2 and 37.5 mM of HMTA, corresponding to a growth solution with 37.5 mM of
Zn(NOs)2 and 18.75 mM of HMTA (C1); (2) 50 mM of Zn(NOs): and 50 mM of HMTA
corresponding to an equimolar growth solution at 25 mM (C2) [22-24]. At the end of the
growing process, the Si substrates covered by ZnO NWs were washed with DI water,
dried under hot airflow (~30 s at ~53 °C), and post-annealed in an oven at 350 °C for 30
min in ambient atmosphere to improve the ZnO crystallinity. Scanning electron micro-
scope images (SEM, Zeiss FE-SEM NEON 40, Iéna, Germany) demonstrated that well or-
ganized and homogeneous ZnO NWs grown onto Si (1.55 cm?) were obtained, with a
measured height of 1.10 + 0.05 um and a measured mean diameter of 85 + 5 nm in concen-
tration conditions (C1) and a measured height of 1.80 + 0.1 pm and a measured mean
diameter of 51 + 5 nm in concentration conditions (C2) [24,25]. Previous characterization
works also proved the good crystallinity of the as-obtained ZnO NWs by ultraviolet-vis-
ible spectrophotometry (Maya2000 Pro from Ocean Optics, Florida, USA), with a mean
measured gap value around 3.21 + 0.03 eV, and by X-ray diffraction (XRD, CuKa, A =
1.5418 A, Rigaku Smartlab, Neu-Isenburg, Germany), with ZnO Wurtzite peaks obtention
[22-25].
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2.2. Engineering Materials Functionalization

The synthesis method presented in Section 2.1 proved its efficiency not only on sili-
con (Figure 2a), but also on other substrates such as quartz glass [26,27]. However, de-
pending on the used substrate, this synthesis must be adapted —notably, the seed layer
deposition step. Indeed, the annealing at 500 °C degree could damage several kinds of
samples, such as building construction materials. To overcome this problem, the seed
layer buffer solution of PVA deposition by spin-coating was replaced by a horizontal im-
pregnation with a Zn(Ac): ethanolic solution (0.01 M). This new deposition method led to
a shorter and softer annealing at 350 °C during 30 min only (Figure 2b) [28]. In short, a
ZnO seed layer was deposited on engineering materials, such as tiling, concrete, and rocks
aggregate, by a “horizontal impregnation” method with the zinc acetate ethanolic solu-
tion, followed by an annealing at 350 °C for 30 min. Then, a classical hydrothermal growth
using equimolar aqueous solutions of HMTA and Zn(NOs): or Zn(Ac): at 0.025 M was
carried out in an autoclave at 90 °C. According to our previous work about the optimal
growth conditions depending on the used substrate [29], 2 h was selected as an optimal
growth duration for tiling or rock aggregate substrates, and 1h30 for concrete substrates.
Finally, the as-synthesized samples were annealed for 30 min at 350 °C to remove all the
potential residues from the synthesis process and to improve the ZnO NSs crystallinity.

a) _ Silicon functionalization

15cm ‘

Zn(Ac)/PVA Zn(NO3)oHMTA
3000 rpm, 1 min

b) Civil engineering materials functionalization

we gz
—
—
(]
]
)
o

Zn(Ac),/EtOH

wagg

c) Micro fluidic synthesis

N

o 500°C 2 95°C
) ==, = ¢£>

Zn(Ac)/PVA
3000 rpm, 1 min

3
hv (eV)

Figure 2. Experimental set-up schema of different developed ZnO NSs synthesis from silicon func-
tionalization (a) and civil engineering materials functionalization (b) to micro fluidic reactor pro-
duction (c) and obtained SEM images.
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Results demonstrated that this hydrothermal synthesis method allowed us to grow
ZnO NSs directly on non-conventional substrates such as tiling and concrete (6.25 cm?).
Tiling samples showed NSs similar to ZnO NWs grown onto silicon in terms of morphol-
ogy (~55 + 17 nm), gap value (~3.20 = 0.03 eV), and XRD pattern [28,29]. Conversely, a
huge discrepancy was recorded on the morphologies of the ZnO NSs synthesized on con-
crete substrates. Depending on the growth time (1h30 to 4 h), NSs vary from complex ZnO
nanosheet structures with a lower gap value (~3.11 + 0.04 eV) to NWs and NRs with a gap
value of (~3.17 +0.04 eV) [29]. This might be due to a possible influence of the basic surface
pH value and the complex chemical composition of concrete. NSs growth could be also
influenced by the textural properties (porosity, roughness, etc.) of concrete and local mi-
cro-turbulences [28-30]. The band gap variation could be caused by the morphological
modifications of ZnO NSs, and could also be associated with their crystal quality, dislo-
cations density, impurities, size, and thickness [30-32]. Indeed, nanosheets are supposed
to contain more oxygen defects, which could reduce the band gap by acting as indirect
donor energy levels below the conduction band [33-35]. Finally, the feasibility of the up-
scaling of this process was proved by going from a reactor containing 250 mL of growth
solution and a single sample production (6.25 cm?) to a reactor with 8 L of growth solution
with 3 samples per synthesis, without any modification of the ZnO NSs properties (210.25
cm?) [12].

2.3. Microfluidic Reactor Production

In the same way as the ease of the scale up, the ease of transposing this hydrothermal
synthesis method to the microfluidic mode was proved [30,36]. In order to change from
laboratory scale to industrial scale, it is natural to consider going from batch experiments
to continuous degradation. Integrating our NSs in a microreactor allows performing this
change while avoiding scale-up issues in the synthesis, such as increasing the synthesis
reactor size or consuming more growth solution. Furthermore, performing the photocata-
lytic degradation at microfluidic scale presents several advantages compared to the meso-
or macro-fluidic scales: the reduced size of the channels increases the contact between the
photocatalyst and the organic pollutants, while diminishing the quantity of light absorbed
by the liquid. This is especially important when trying to degrade compounds that absorb
the same wavelength as the photocatalyst, or compounds that tend to block the light, as
industrial dyes. The continuous stream of liquid to be degraded, combined with the size
of the channels, also leads to a situation where the mass transfer of the pollutants is no
longer limiting the reaction kinetics, improving the reaction rate [37-40]. All these ad-
vantages lead to a generally faster reaction, meaning a higher photocatalytic efficiency
than in bigger reactors.

However, one of the major drawbacks of microfluidic reactors is the small flowrate
they can deliver, often in the range of 1 mL-min, and the large pressure losses in the
microchannels, leading to reactors needing either high pressure at their inlets to ensure
the circulation of the liquid, or the consumption of energy to make the liquid flow. To
circumvent these problems, the start-up Eden Tech developed a microreactor with a web-
like design, allowing higher flowrates with lower pressure losses. This microreactor de-
sign is thermally pressed into a Flexdym™ (a thermoset compound created by Eden Tech
[41]) chip at 165 °C during 760 s to create the superior part of the microreactor. The other
part of the reactor consists of a circular 4 inches Si wafer, onto which a seed-layer solution
has been deposited following the spin-coating process shown in part 2.1 (Figure 2c). The
two parts of the microreactor are then bonded together in an oven at 120 °C during 4 h.
After these two steps, the synthesis per se takes place: the growth solution, a volume bal-
ance mix of a solution of Zn(NOs)2 at 75 mM and a solution of HMTA at 37.5 mM, is con-
tinuously injected into a double-layer beaker where it is heated to the desired temperature
before entering the microreactor, filling the channels, before exiting the microreactor. The
functionalized microreactor obtained at the end of the production process is pictured in
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Figure 3. Playing with the solution flowrate (from 100 pL-min to 400 puL-min), the solu-
tion temperature (from 80 °C to 90 °C) and the growth time (from 30 min to 1h30) leads to
changes in the ZnO NWs morphology and density, resulting in huge differences in their
photocatalytic efficiency, as shown in our previous work [30].

Figure 3. Picture of the final microreactor produced according to our method. The inlets (in the
center) and outlets (at the edge) of the reactor are highlighted in color.

The best results, in terms of their photocatalytic efficiency, were obtained with the
following parameters: a flowrate of 200 uL-min-, a solution temperature of 80 °C and a
growth time of 1 h. Those parameters allow the growth of ZnO NWs with a mean diameter
of 58 £ 5 nm and a mean density of 64 + 5 NWs/um?. Increasing the temperature or the
flowrate leads to the creation of aggregates and zones devoid from NSs in the microchan-
nels, whereas decreasing the flowrate means smaller NWs diameter and density. Chang-
ing the growth time still leads to the NWs obtaining, but has an effect on their density and
mean diameter, and, thus, on their photocatalytic efficiency [30].

The effect of the flowrate on the NSs is linked to the availability of the precursors in
the solution: when the flowrate is too low (i.e., under 100 uL-min™"), the precursors are not
regenerated quickly enough compared to the reaction kinetics, leading to a limited total
reaction rate, and as such, less and smaller NWs in the same reaction time. On the other
hand, when the flowrate increases too much (above 200 uL-min), the size of the depletion
layer, defined as the layer in the flow above the bottom of the samples, where there is no
precursor, as they are consumed by the reaction, decreases. This means that the precursors
are more available for the reaction, promoting the NWs growth and their agglomeration
into big clusters [30].

When the temperature increases above 80 °C, the solubility of the gases in the solu-
tion diminishes. As the ZnO growth reaction produces NHs (see Equation (4)), this leads
to the apparition of gas bubbles in the microchannels, creating zones where the liquid
does not flow, and where the reaction cannot take place. Combined with the augmenta-
tion of the reaction rate with the temperature, this causes the apparition of zones devoid
from any NSs, and zones where the NSs agglomerate and form clusters [30].

Finally, the effect of the growth time is simply linked to the reaction kinetics: a
smaller growth time leads to smaller and less dense NWs, and a higher growth time leads
to bigger and more dense NWs [30]. The effect of the different growth conditions on the
NSs was measured thanks to SEM observations. The obtained images for each of the dif-
ferent growth conditions are summarized in Figure 4.
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Effect of the flowrate

1 pm

1pm

Figure 4. SEM images of the ZnO NWs obtained in the microreactor depending on the different
growth conditions: effect of flowrate (a), effect of growth time (b), effect of the growth temperature
(c) and the best growth conditions: 200 puL/min, 1h, 80 °C (d) (reproduced from [30] with permission
of the Royal Society of Chemistry).



Crystals 2022, 12, 308

8 of 16

2.4. ZnO Photocatalytic Activity Improvement Strategies

As a large band gap semiconductor, ZnO is particularly interesting as a stable pho-
tocatalyst with appropriate band-level potential energy to oxidize water and reduce oxy-
gen, to provide radicals for the photocatalytic degradation of organic pollutants. Never-
theless, in view of an application under natural sunlight, extending the ZnO light absorp-
tion will be necessary. Indeed, ZnO is only able to absorb ~5% of natural sunlight, which
corresponds to UV light. Increasing the quantity of light that the samples are able to ab-
sorb would help accelerate the photocatalytic reaction, and so, increase their photocata-
lytic efficiency. Another objective is to maximize the lifetime of the photo-generated elec-
tron-hole pairs, as this will increase their chances of producing the radicals needed by the
reaction. Thus, until now, many strategies were developed to improve the ZnO light ab-
sorption, such as playing on the synthesis parameters and oxygen defects in the structure
[42,43], by introducing non-metallic ions such as carbon (C), nitrogen (N), fluorine (F) [4]
or metallic ions, such as iron (Fe), lead (Pb) or chromium (Cr) in the hydrothermal growth
solution, and thus in the ZnO band gap [44,45], or the synthesis of ZnO composites with
other semi-conductors [5].

In our work, we studied the modification of ZnO with carbon. According to the lit-
erature, the addition of carbon can be done by several routes, such as nanocomposites
synthesis [46-48], surface modification by adsorption and calcination of carbonaceous
species on the surface of the as-grown ZnO NSs [49,50], and carbon introduction in the
ZnO lattice by adding carbonaceous species during the synthesis of the NSs [51,52]. To
introduce carbon in the ZnO lattice, the Zn(NOs): salt was replaced by Zn(Ac): in the hy-
drothermal growth solution (Figure 2a). SEM observations showed the good distribution
of ZnO NWs grown with nitrate zinc salt (ZnO-N) with a diameter of 50 + 7 nm, a length
of 1.79 + 0.10 um and a density of ~3 x 10° NWs/cm?. A good distribution of NWs grown
with acetate zinc salt (ZnO-A) was also observed with a diameter of 65 + 8 nm, a length
of 2.655 + 0.1 um and a density of ~2 x 10° NWs/cm? (Figure 5a). As morphology investi-
gation revealed, ZnO-A NWs are larger and longer than ZnO-N NWs. In accordance with
the literature, an impact of the counter ion used is observed [53]. The use of zinc acetate
salt for NWs growth enhances the capping effect, inhibits the rates dissolution and aids
the aging and growth of the ZnO NWs [54]. Indeed, acetate ions will be selectively ad-
sorbed during the growth and the intercalation will extend the NWs along the c-axis
[48,55]. Gap measurements suggested the acetate ions adsorbed during the growth and
post-annealing seem to contribute to the ZnO band gap reduction (3.18 eV against 3.21
eV) [56].

As already mentioned, another studied strategy was to dope ZnO with transition
metals. This strategy is based on the addition of transition metal ions in the growth solu-
tion. In short, the samples are synthesized by a simple hydrothermal method, already de-
scribed in Figure 2a, with a growth solution containing 1.125 mM of Zn(NOs)2, 0.5625 mM
of HMTA and the appropriate quantity of the doping solution (FeCl3, AgNO3 or
Co(NOs)2) to obtain a molar percentage of 1%, 2%, or 3% in dopant product [44,45]. SEM
study showed quite homogeneous ZnO NWs arrays for all Fe and Co doped samples with
aspect ratios and morphologies similar to those of the undoped samples (Figure 5b). The
Ag-doped samples exhibited a dependence on the dopant concentration, leading to larger
and smaller NWs with an increase in Ag% (Figure 5c). Concerning the gap values, the
band gaps decrease with the increasing dopant quantity (3.10 eV against 3.21 eV).

Unfortunately, this method, for which the efficiency was already demonstrated
[44,45], could not be applied on construction materials due to possible interactions be-
tween the non-conventional substrate and the dopant ions, which could have an adverse
effect on the photocatalytic efficiency under natural sunlight [22]. Thus, for this applica-
tion, a post-grown ZnO co-catalyst synthesis was developed to reduce the contact be-
tween the substrate and the doping solution, and thus avoid any interaction between
them. The Fe(III) ion was selected to improve the ZnO NWs light-absorption and photo-
catalytic activity, owing to its low-cost, relatively eco-friendly properties and previous
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results [45]. The Fe(IlI) solution was dropped on ZnO NWs grown onto Si (ZnO-A), as
described in Figure 2a, then dried and calcinated to fix the iron oxide on the surface of
ZnO NWs. A volume of 69.8 uL of Fe(NOs)s, whose iron concentration range is included
between 8.9 10 mol and 4.5 x 107 mol, was applied on the sample surface before a dry-
ing at 50 °C for 30 min in an oven. Finally, the sample was annealed at 350 °C for 1 h in
ambient atmosphere to convert and fix the iron oxide on the ZnO surface (ZnO/FexOy).
This co-catalyst synthesis has shown its effectiveness to extend the range of absorbed light
thanks to the deposition of iron oxide on ZnO NWs as it leads to a decrease of the gap
value from 3.27 eV to 3.14 eV and higher visible light absorption [22]. XRD works did not
permit to determine the iron oxide phase, but by drawing parallel with literature [57,58],
strong assumptions on the FeOOH and Fe20s combined presence were made. SEM obser-
vations demonstrated a non-homogeneous deposition of iron oxide and, thus, the need of
improving the deposition process (Figure 5d) [22].

Zn0 - A

W
—

(ahv)? (eV.cm-)2

(2]
—

(ahv)? (eV.cm)?

Figure 5. UV-visible spectral plots with Tauc-Lorentz model and SEM images of different modified
ZnO NWs: ZnO-A (a), ZnO - Fe 3% (b), ZnO - Ag 2% (c), and ZnO/FexOy (0.06 Fe % vs Zn), (d)
respectively.

3. Photocatalysis for Water Purification

The photocatalytic performances of these developed materials were proved for the
photodegradation of model organic molecules commonly used in the pharmaceutical,
food and textile industries. The selected molecules were three organic dyes: acid red 14
(AR14), methylene blue (MB), and methyl orange (MO). The different dye solutions had
an initial concentration of 10 uM. Samples of ZnO-decorated civil engineering materials
were immersed into 30 mL of dye-contaminated aqueous solution and irradiated with a
UV lamp (Hamamatsu LC8, 4500 mW/cm?, A = 365 nm) under magnetic stirring. The pho-
tocatalytic process was monitored by UV-visible spectrophotometry every 15 min for 3 h
and the degradation efficiency X(%) was estimated thanks to Equation 6:

Ay —

A
X(%) = x 100 (6)

0

where Aoand A, respectively, stand for the initial and actual absorption peak values at the
wavelength of the maximum absorption for the studied dye (Amax = 665 nm for MB, 515
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nm for AR14, and 464 nm for MO). All Si-functionalized samples and functionalized civil
engineering materials demonstrated their ability to degrade the three selected organic
dyes in less than 3 h [22-24,28]. MO, the most difficult to degrade of our model pollutants
due to its stability, was degrade more slowly (~105 min) than MB and AR14 (~90 min).
The recyclability of the samples was also proved with no losses of efficiency after 5 cycles
of uses [28].

Depending on the growth conditions, either C1 or C2 (Section 2.1), ZnO-N grown on
silicon demonstrated different efficiencies (Figure 6a). These differences can be assigned
to the bigger ZnO-C2 surface area. The same should explain the higher photocatalytic
activity of functionalized tiling and concrete samples after 4 h of hydrothermal growth.
Indeed, the silicon substrate area is around 2.25 cm? and the civil engineering material
substrate areas are around 6.25 cm?. Larger photocatalytic differences could be expected
in regard to the surface areas difference. The weak gap in efficiency could be explained by
the non-optimal agitation and reactor for civil engineering materials. Then, the photocata-
lytic efficiency of functionalized tiling and concrete samples were improved for AR14 deg-
radation by reducing its growth time synthesis [29].

a) MO degradation with unmodified ZnO b) MO degradation with modified ZnO
underUV light under UV light
100 100
£ g0 e w0
2 2
) )
c c
o o
2 40 B 40
k= K
5 20 5 20
@ [1]
a 0 ‘ . . ‘ ‘ . a 0 ‘ ‘ . . . .
0O 30 60 90 120 150 180 0 30 60 90 120 150 180
t (min) t (min)
—=—2Zno-N (siC1) Zno (Tiling C2) e ) e
Zno (Concrete C2) Zno - N (si €2) +=Zn0 - A (Si C2) ¢=Zn0 -Fe3%(Si C1)

—8—Zn0 - Ag2% (Si C1) —&—ZIn0 -Co02% (Si C1)

Figure 6. MO degradation with unmodified (a) and modified (b) ZnO grown onto different sub-
strates under UV light (~365 nm, Ireceived by the sample = 35 mW/cm?).

Previous results on ZnO grown in the conditions C1 demonstrated that all doped
samples showed better efficiency than undoped samples, the most efficient for each do-
pant being the ZnO doped with 3% of Fe (ZnO-Fe3%), and 2% of Ag or Co (ZnO-Ag2%
and ZnO-Co2%) [44]. The photocatalytic efficiency enhancement (Figure 6b) can be at-
tributed to two effects: the reduction of the band-gap energy, allowing more photons to
be absorbed; and the reduced electron-hole recombination rate, thanks to the increase in
oxygen vacancies and to the dopant ions on the NWs surface. Similar results were ob-
tained with ZnO-A (C2) samples, which efficiency is better than the one of the ZnO-N
(C1 and C2) samples, demonstrating the efficiency of the modification of ZnO strategies
to increase the photocatalytic efficiency of the samples.

Then, the photocatalytic performances of these optimal functionalized samples were
proved for dye photodegradation under natural sunlight. Under sunny weather, MB and
AR14 were fully degraded in 4 h over the optimal concrete sample and were removed
from water with degradation rates of 98% and 60% for the tiling optimal sample. MO,
which is the most difficult dye to degrade, was degraded at 82% and 58% over concrete
and tiling samples, respectively, in the same conditions [29]. Cloudy weather leads to a
slight decrease in the efficiency with the lowered UV intensity received by the samples,
but still offers excellent photocatalytic activity. In a previous study [22], the efficiency of
the ZnO/iron oxide samples was also evaluated and proved for the MO photodegradation
under natural sunlight. Modifying the ZnO with an optimal ratio of 0.06% of iron (Fe vs.
Zn M) improved the photocatalytic efficiency under natural sunlight with an increase of
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11% of the MO degradation, compared to the reference MO degradation with ZnO, after
5 h of irradiation with no iron leaching [22].

In parallel to these experiments, the photocatalytic efficiency of the ZnO-NSs-based
microfluidic reactors—for which production was described in Section 2.3—was proved
by degrading continuous streams of water polluted with AR14, under UV irradiation (Fig-
ure 7). The obtained results lead to the determination of the optimal synthesis parameters
for the best photocatalytic efficiency (200 uL-min, 80 °C, 1 h). Thanks to these NSs-based
microfluidic reactor, a 98% photodegradation rate was reached after 4 passes in the reac-
tor, which is roughly equivalent to 40 s of UV light irradiation [30]. In this same work, the
photocatalysis flow rate influence was studied, and while the optimum was observed at
200 pL-min™, very good results were obtained when the flowrate was increased to 500
uL-min~! (more than 80% of degradation obtained in 5 passes, thus, 50 s of irradiation).
These results are highly encouraging in the aim of designing high flowrate microreactors.

a) Effect of the flowrate b) Effect of the growth time
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— g = -1
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Figure 7. Effect of the different growth conditions (a) flowrate, (b) growth time and (c) growth tem-
perature and effect of the augmentation of the photocatalysis flowrate (d) on the photocatalytic ef-
ficiency of the samples for AR14 degradation under UV light (~365 nm, Ireceived by the sample = 35 mW/cm?,
reproduced from [30] with permission of the Royal Society of Chemistry).

Thus, these results imply that ZnO NSs could be used on different substrates and
under different modes for environmental remediation by photocatalysis under UV light
and natural sunlight, with no particular need to dope or modify the ZnO NSs. Neverthe-
less, modified ZnO led to an improved photocatalytic efficiency.

4. HPLC-MS Analysis and Comparison with UV-Visible Results

The photocatalytic results presented in the previous parts were obtained by UV-vis-
ible spectroscopy. This kind of analysis is very efficient to quickly estimate the degrada-
tion rate of the pollutants but does not give any information on the degradation mecha-
nism or on the remaining compounds in the effluent solution. This could lead to consid-
ering effluents in which dangerous compounds remain as safe. Thus, a more sensitive
analytic method is required to ensure the harmlessness of the effluents.
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High-Performance Liquid Chromatography coupled with Mass Spectrometry
(HPLC-MS) is a very powerful method [59], widely used in the detection and quantifica-
tion of several different compounds. This method is, for example, used to detect active
compounds in medicinal herbs [60], or to identify medicaments that are new [61,62] or
counterfeit [63]. However, it requires much more preparation and more expensive equip-
ment than UV-visible spectrometry.

We already followed the degradation of BM by ZnO NWs samples, synthesized un-
der the conditions C1 (see Section 2.1), by UV-visible spectroscopy and by HPLC-MS anal-
ysis in our previous work [24]. We found that, even if MB absorbance reaches zero, HPLC-
MS is still able to detect MB in the effluents, and that the concentrations calculated from
UV-visible spectroscopy are lower than the ones obtained from the HPLC-MS results.
However, according to the two different methods, even if there is still MB in the effluents
at the end of the photodegradation, the final effluents are safe for humans, in regard to
their MB concentration (14 pg-L™), and proving that the photocatalytic degradation by
ZnO NWs is an efficient method to purify water from organic pollutants.

In light of the results obtained with MB, we performed the same experimental proto-
col on AR14, still following the degradation by UV spectroscopy and HPLC-MS. The UV-
visible results are presented in Figure 8a, and showed a degradation rate of 95% after 90
min, and a degradation rate higher than 99% after 135 min. The mobile phase composition
of the HPLC-MS analysis was adapted from literature [64], and the HPLC-MS parameters
are summarized in Table 1.

a) UV-visible photodegradation results b) Comparison ofthe AR14 degradation
of AR14 by ZnO NWs under UV light results depending on the analytic method
100 +—t 100
= g | £ g0
] &
2 60| £ e0
c =
=l k=l
8 40 | 5 40
S 20 £ 2 —+—UV-Visible
@ @ HPLC-MS
a 0 : : : : : a 0= : !
0 30 60 90 120 150 0 30 80

t (min) t{min)
Figure 8. (a) UV-visible photodegradation results of AR14 by ZnO NWs (grown conditions (1), 4 h,

90 °C) under UV light and (b) comparison of the AR14 degradation results depending on the ana-
1yth method (UV llght ~365 nm, Treceived by the sample = 35 mW/sz).

Table 1. HPLC-MS parameters of the analysis of AR14.

HPLC
. Acetonitrile 20% (volumic
Mobile phase Aqueous ammonium acetate (E).OS M) 8)0% (volumic)
Flowrate 0.2 mL-min?
Injection volume 20 uL
Mass spectrometer
Polarity Negative
Frequency Extended Dynamic Range 2 GHz
Mass range 50-1700 m/z

Examining the AR14 degradation by HPLC-MS showed the disappearance of both
the AR14 chromatography and MS peaks after 90 min under UV light. The HPLC-MS
results could only be used for the calculation of the remaining AR14 concentration for the
first 60 min, as the AR14 detection decreased below the quantification limit of the device
after that time stamp. The obtained results are presented in Table 2.
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Comparing the results obtained from HPLC-MS and from the UV-vis demonstrates
that, conversely to what was observed for MB, HPLC-MS seems to overestimate the deg-
radation results. This could be due to the parasitic molecules we detected in the reaction
mix, which could be increasing the absorbance of the reaction mix, thus decreasing the
degradation rate calculated from the UV-visible results. The comparison curves of the two
results are shown in Figure 8b.

Table 2. HPLC-MS photodegradation results of AR 14 by ZnO NWs under UV light.

. . Calculated Calculated
Time (min) m/z 288 Peak Area Concentration (uUM) Degradation Rate
0 2,963,405 8.59 0%
15 2,370,033 6.87 20.02%
30 151,015 4.38 49.01%
45 605,947 1.76 79.55%
60 174,369 0.51 94.12%

Unfortunately, no degradation product was identified in the reaction mix, and we
could not provide a degradation mechanism for the degradation of AR14. This might be
due to a variety of factors, such as the short lifespan of the degradation products, making
them disappear before the analysis, or their quantity being too low to be detected even by
the HPLC. However, we could calculate the concentration of AR14 in the reaction mix
after 60 min, and found it to be of 0.51 uM, which corresponds to 254 pg-L-. Considering
the degradation continues for 105 more minutes, we can make the hypothesis that the
actual final concentration will be even lower than 254 ug-L.

It is still possible to compare the concentration we calculated after 60 min to the safety
limits recommended by literature and governments. In the EU, the quantity of AR14 in
food and drinks must stay in the 50-500 mg-L interval, depending on the considered
food and drink types [65]. According to the AR14 Safety Data Sheet, its toxicity threshold
for algae is 34.82 mg-L- for 3 days. Finally, chronic toxicity is reached with a concentration
of 1% AR14 in water [66]. Thus, with their calculated concentration of 254 pg-L-1, we can
state that our effluents are safe, both for humans and for the environment.

5. Conclusions

This work is a review of our previous works on the development of ZnO NSs-based
photocatalyst materials by hydrothermal synthesis and their photocatalytic activity for
organic dyes removal. Firstly, the universality and the feasibility of the synthesis method
were presented from the initial Si substrates to non-conventional substrates such as civil
engineering materials, allowing for the obtaining of ZnO NSs with gap values from 3.18
eV to 3.23 eV and ZnO Wurtzite XRD peaks. In this section, a short summary on micro-
fluidic cells development and their main results are also presented. Strategies developed
to reduce the ZnO band gap and improve its photocatalytic efficiency are also introduced
by demonstrating how modifying ZnO with carbon, doping ZnO with transition metal
ions, and synthesizing ZnO/iron oxide co-catalyst via simple processes are easily adapta-
ble to the industry, improving the photodegradation efficiency. Then, this paper dis-
played the photocatalytic results of the different kinds of samples under classic and mi-
crofluidic modes, and under UV and solar light, for the degradation of MO, AR14 and
MB. Excellent results were obtained with a total degradation of the three dyes after 3 h
under UV light, as well as very promising results under natural sunlight, even on cloudy
days. Furthermore, the effect of the used substrates and the growth conditions on the ki-
netics and efficiency of the photodegradation were discussed. Lastly, this paper investi-
gated the photodegradation results obtained with HPLC-MS for MB and AR 14, by com-
paring them with the UV-visible results, and used the previous method to demonstrate
that the final effluents after the degradation are safe for humans and the environment.
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