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Abstract: This research studies the photocatalytic conversion of methanol (25-90 umol/L range) as
a volatile organic compound (VOC) surrogate into COz, using a N/Ag/TiOz photocatalyst under
visible light irradiation in a Photo-CREC Air unit. The N/Ag/TiO2 mesh supported photocatalyst is
prepared via the solvothermal method. While the bare-TiO: is inactive under visible light, the
N/Ag/TiO2 2 wt.% loaded stainless-steel woven mesh displays 35% quantum yields, with 80%
absorbed photons and 60% methanol conversion in a 110 min irradiation period. Results obtained
are assigned to silver surface plasmon resonance, silver and nitrogen species synergistic impacts on
band gap, and their influence on particle agglomerate size and semiconductor acidity. The deter-
mined quantum yields under visible light in a Photo-CREC Air unit, are the highest reported in the
technical literature, that these authors are aware of, with this opening unique opportunity for the
use of visible light for the purification of air from VOC contaminants.

Keywords: photocatalysis; methanol; silver and nitrogen; titanium dioxide; visible light

1. Introduction

Methanol is a toxic alcohol and a major volatile organic compound (VOC). It has
been listed, since 1990, by the Environmental Protection Agency (EPA), as a hazardous
air pollutant (HAPs) [1]. Methanol is primarily used as a chemical and solvent for in-
dustrial production, as well as an alternative fuel source for automobiles [2]. Methanol is
mostly emitted from industrial solvent utilization facilities. This constitutes approxi-
mately 34% of all the emission sources from industry. Methanol has a high toxicity for
humans [3]. It is readily absorbed into the body through inhalation, ingestion, and skin
contact, and can cause blindness, headache, and nausea [4]. Moreover, large methanol
doses may cause unconsciousness, coma and possible death due to respiratory failure [5].
In addition, the oxidation products of methanol, such as formaldehyde and formic acid,
are carcinogenic to humans [6]. Consequently, the removal of methanol and its oxidation
derivatives is critical to control air quality, in the industrial settings where there is fre-
quent usage of these chemicals.

In recent years, photocatalysis has been shown to be one of the most efficient oxida-
tion processes for the mineralization of numerous organic pollutants, especially those
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designated as VOCs [7-9]. Photocatalysis is considered to be a simple, sustainable tech-
nology, which can be successfully applied to the degradation of air pollutants at room
temperature, with a modest energy requirement [10]. Regarding possible photocatalysts,
titanium dioxide (TiO2)is the most promising semiconductor, given that it can be widely
used for air purification applications, and given that it is highly chemically stable, inex-
pensive, and safe for use by humans [11].

However, the demonstrated activity of current photocatalysts, as shown via quan-
tum yields (QYs) is still limited. This is given the properties of available semiconductors
such as rapid charge recombination, low surface area, and high band gap (3.20 eV) [9]. To
circumvent this, research is currently being conducted to develop a mesoporous TiO:
photocatalyst [12,13] which can be used with near-ultraviolet (near-UV) light for
wastewater treatment [14-18]. Nevertheless, these materials have not been investigated
thoroughly for air treatment in the context of reaction engineering principles [19]. In
particular, there is no information in the current open technical literature that we are
aware of, about QYs for VOCs degradation under visible light.

TiO2 property modification have been achieved by doping/co-doping metals and
non-metals in a TiOzcrystal lattice [20]. Among all metals and non-metals, silver and ni-
trogen doping into a TiO2 crystal lattice has shown great promise for visible light pho-
tocatalytic activity [14,21]. In this respect, silver doping narrows the band gap energy as
shown via surface plasmon resonance (SPR). Also, silver can act as an electron sink to
store electrons (e~) on a TiOz2surface, thus reducing electron availability and/or delaying
electron (e~) and hole (h*) recombination. In addition, incorporating nitrogen into a TiO2
lattice has been shown to reduce the band gap energy by creating a new-mid band above
the valence band. Furthermore, as reported recently by Sirivallop et al., (2020). the
co-doping of silver and nitrogen in TiO:2 creates a synergistic effect, leading to enhanced
photocatalytic activity under visible light [13].

It should be mentioned that the Photo-CREC-Air Reactor designed by the CREC
(Chemical Reactor Engineering Centre), at the University of Western Ontario, Canada,
offers special features for VOCs conversion. In this respect, Garcia-Hernandez et al. [22]
and Lugo-Vega et al. [15] achieved the complete photoconversion of several volatile or-
ganic pollutants (such as acetone, acetaldehyde and formaldehyde) using a Degussa P25
photocatalyst under near-UV light, in the Photo-CREC-Air Reactor. This was achieved
with very high QYs surpassing the 100% level.

Nevertheless, there is still a need to investigate VOCs conversion in a Pho-
to-CREC-Air unit and to establish QYs using semiconductors which are active under
visible light. Despite of its great importance, this significant topic remains unaddressed
in the open technical literature [10]. The present research highlights the value of reducing
VOCs in indoor spaces by using solar light, free of any energy expense, together with a
photocatalyst. To accomplish this, in the present study, the photocatalytic conversion of a
surrogate VOC species (methanol) using a mesoporous 5.6 at% N/Ag in TiO: is reported
[13]. The valuable results obtained show that significant methanol conversions with high
QYs can be achieved in a Photo-CREC-Air unit using the mesoporous N/Ag/TiO: pho-
tocatalyst.

2. Photocatalytic Mechanism of Methanol

The photocatalytic reaction mechanism of methanol can be envisioned as reported
by de Lasa et al. [19] as a series of steps leading to the formation of hydroxyl (OH*) rad-
icals as follows:

Step. 1 Photons with the adequate energy induce the formation of an electron and a
positive hole (h*):

h
Photocatalysts = egp + hiy @

Step. 2 The hydroxyl radicals (OH") are formed as follows:
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(2.1) Reaction between H20 and hole (h*)
Zh\tb + 2HZOads i 2OHa.ds + 21_l;—ds (2)

2hg, + 20Hz4qs — 20H ., 3)

(2.2) Reaction between O2and electron (e™)

ecb +0zads = Ozags (4)

O;z.ids + 2H;—ds = H;0za4s (5)

HZOZads + egb i OHa.ds + OH;ds (6)
hv

HZOZadS - 2OHa.ds (7)

Thus, this leads to an overall stoichiometry to produce OH® as proposed as in
Equation (8):

3hv
OZads +2H20ads - 40Hz;ds (8)

Step. 3 In the case of organic species in water, methanol (CHsOH) is progressively
oxidized via a sequence of steps ending with the formation of CO2 as follows:

CHsOH + OH® —» CH:0H + H20 9)
CH:0H + OH® -» HCHO + H:0 (10)
HCHO + 20H® -» HCOOH + Hz0 (11)
HCOOH + 20H* -» CO2+2H:0 (12)

As a result, and assuming complete methanol conversion into COz, and adding
Equations (9)—(12) gives the following equation:

CH30OH + 6HO® » CO:2+5H0 (13)

Thus, and because of the postulated reaction mechanism, one can conclude that: (a)
the photocatalytic reaction, as described via Equations (1)—(7), leads to an overall stoi-
chiometry where 3 photons form 4 OH* groups (de Lasa et al., [19]) and (b) the complete
methanol conversion into CO: requires 6 OH* groups to be consumed per every CO:
molecule formed.

3. Results and Discussions
3.1. Properties of the Prepared Photocatalysts

The synthesized titanium dioxide-nitrogen-silver (N/Ag/TiO2) photocatalyst and the
bare-TiO:z were characterized as reported in Table 1. It was found that the bare-TiOz has a
surface area and pore volume of only 11.6 m>g™ and 0.02 cm?g, respectively. However,
given that the N/Ag/TiO: photocatalyst has a mesoporous character, the surface area and
pore diameter significantly increased to 101.3 m?-g™' and 0.26 cm?®g™, respectively. These
two parameters were around 10 times larger than those of bare-TiO2. This seems to be
caused by the N and Ag species influence on the TiO: crystal lattice as further described
in Appendix D.
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Table 1. Characteristic properties of the synthesized TiO2 and N/Ag/TiO:z photocatalysts.

Crystal Average External
Samples  Phase Crystal Size Agglomerate o Aggl? merate Swer Vp (cm¥g7) e Dp(nm) ¢
(nm) 2 , (g'em3) ¢ Specific Surface  (m2g7)e
(%) Size (nm) ®
(mzg1) d
TiO: 100% 614 132.9 3.91 16.6 11.6 0.02 7.9
Anatase
. 100%
N/Ag/TiOz 11.4 61.8 4.25 38.1 101.3 0.26 15.9
Anatase

a Crystallite size calculated from the X-ray diffraction (XRD) peak at 20 of 25° (101) using Debye-Scherrer’s Equation. ?
Average agglomerate crystallite size calculated using scanning electron microscopy (SEM). ¢ Unit cell density (op) calcu-
lated from the mass per unit cell over its cell volume [23,24]. ¢ Agglomerate particle density = Qarystatiite (1 — €), with & being
0.5 for bare-TiOz and 0.6 for N/Ag/TiO2 [25]. ¢ Specific surface area (Sser), pore volume (Vp) and pore diameter (Dp), de-
termined by N: adsorption-desorption, using the Brunauer—-Emmett-Teller (BET) and Barrett-Joyner—-Halenda (BJH)
methods, respectively.

The crystal structure and the crystallite sizes of the photocatalysts were investigated
using the XRD spectra (JCPDS card No. 21-1272) for anatase (101) bare-TiO2 [26], as
shown in Figure la. This showed that the N/Ag/TiOz photocatalyst is composed of an
anatase crystal phase like that of the mesoporous bare-TiO2 [27,28]. For additional XRD
results for the N/Ag/TiOz, refer to Sirivallop et al. [13]. The crystallite sizes of the anatase
(101) bare-TiO2 were calculated using the Debye-Scherrer’s formula (see Equation (14))
[29-31]. This showed that the N/Ag/TiO2 powder involves 11.4 nm crystallites which are
smaller than the 61.4 nm crystallites of the bare-TiO: (Table 1). The smaller crystallite size
of the N/Ag/TiOz is assumed to be caused by the influence of the N and Ag species dop-
ing under the solvothermal conditions, which limit the anatase crystal grain growth. This
is in agreement with Yang et al. [32] and others, concluding that the anatase crystal size
can be controlled by incorporating metals via the solvothermal method [16,33-35]. In
addition, one can also observe that the grain size reduction justifies the enhanced
N/Ag/TiOz specific surface area. Furthermore, the change in the crystallite volume as well
as the change in the density of a unit cell can be attributed to the influence of N and Ag
loadings on the bare photocatalyst [36]. However, one can note that the increase in ex-
ternal agglomerate specific surface (Table 1) of the N/Ag/TiOz, as compared with the
bare-TiOz, can have a negative effect on the photocatalytic reaction as observed later in
this study, under near-UV and claimed by others [37].
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Figure 1. (a) XRD spectra, and (b) ultraviolet-visible (UV-vis) Absorption of the N/Ag/TiO2 Compared to that of the

bare-TiOs.
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Figure 1b displays the ultraviolet—visible (UV-vis) absorbance spectra for a
N/Ag/TiOz2and a bare-TiO:. It was observed that there was a significant change on the
typical bare-TiO: absorbance variation with wavelength as follows (a) absorbance de-
creased as expected, in the 300400 nm range, (b) absorbance augmented in 400 to 550 nm
range. This modification was attributed to the surface plasmon resonance (SPR) effect of
Ag nanoparticles [38-43] which was confirmed via photoluminescence (PL), as docu-
mented in the Supplementary Materials (Figure S5) and by Sirivallop et al., [13]. Thus, it
can be anticipated that photoexcited electrons and holes in the N/Ag/TiO:2 can be sepa-
rated when using visible light more efficiently [44]. Another factor contributing to the
anticipated visible light enhanced photoactivity was assigned to reduced band gaps for
the N/Ag/TiOz2as documented by others [13].

The photocatalyst surface acidity is also an important parameter for photocatalytic
activity. This was determined by using the ammonia temperature-programmed desorp-
tion (TPD) under standard temperature and pressure (STP) conditions. Figure 2 reports
the NHs-TPD profiles of both bare-TiO2and N/Ag/TiO: photocatalysts. Table 2 reports
the amounts of NHs desorbed from the studied photocatalyst, obtained by the integra-
tion of TPD profiles. One can see that N/Ag/TiOzexhibited the higher peak intensity and
higher total amount of NHs desorbed per unit mass, as compared to the bare-TiO-.
However as shown in Table 1, and once the desorbed amount of NHs based on the unit
area of semiconductor is considered, one can see that the bare-TiO: displays larger am-
monia desorbed values than the N/Ag/TiO: This clearly indicates that the overall
N/Ag/TiO: acidity density per unit surface area is significantly reduced due to the N and
Ag addition.

0.006
- 600
0.005
4 500
~ 0004 — Temperature 6)
3 —NAQTiO: Ja00 o
g 0003 - —Ti02 ';%
2 - 300 g
O 0002 1 2
- 200
0.001
4100
0.000 . . . .
0 10 20 30 40 50

Time miny

Figure 2. NHs-temperature-programmed desorption (TPD) profiles of the synthesized bare-TiO2
and the N/Ag/TiO:z photocatalysts.

Table 2. NH3-TPD characterization of the synthesized bare-TiO2 and N/Ag/TiO:2 photocatalysts.

Catalyst Volumetric Change NH: Uptake NH: Uptake
(cm3-min-?) (STP) (cm3-g) (STP) cm?3/m?
Bare-TiO2 0.043 +0.002 71+£0.3 0.61
N/Ag/TiO: 0.064 + 0.003 10.8 0.5 0.11

Furthermore, an X-ray photoelectron spectroscopy (XPS) analysis was performed to
determine the semiconductor surface composition and to understand how the N and Ag
dopants interact with the bare-TiO: lattice. Additional XPS information regarding the
photocatalyst of the present study is given in Sirivallop et al., [13]. The surface composi-
tions and chemical states of the prepared photocatalysts of bare-TiO: and N/Ag/TiO: are
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summarized in Table 3. Figure 3a shows the survey XPS spectra of both the N/Ag/TiO:
and the bare-TiO:z. One can notice that the characteristic peaks of Ti 2p and O 1s, located
at the binding energies (BE) of around 458-465 eV and 530 eV, respectively, were ob-
served in both the bare-TiO: and the N/Ag/TiOz sample. This was attributed to the Ti-O-
Ti bonds in the bare-TiO2. However, the additional peaks of the nitrogen atom as well
those of the silver atom were only observed in the N/Ag/TiO: sample, at about 400 eV
and 370 eV for N 1s and Ag 3d, respectively. The XPS shows the 284.6 eV C 1s the carbon
atom reference peak as well.

(a)

16,000 N/AgITIO, (b) 3000
12,000
Aglp Ag 3d 2000
- w i
. 1000
= 000 N ;s 5
s s
2 ’ 2
a 01s 2 ]
§ 16,000 \ & 3000 Tizp
E Tio =
12,000 Tizp 2000 bare TiO,
tizs |/
8000 \
1000
4000 W ci1s
/ : .
0 T T T T T 468 466 464 462 460 458 456 454
1200 1000 800 600 400 200 Bindin energy (eV)
Binding energy (eV) 9
280 Ag 3d
d 14004 Ag3d * NiAgTiO,
(c) N1s NIAg-TiOy (d) X o
270 Ti-N-O 1200
O-Ti-N 1000
= 260-] 5
s S 8004
2 250+ 2
£y 2] 4
3 2 60
2 2
£ 2404 £ 4004
250 200
04
220 T T T T T T T T T T T T T T
404 403 402 401 400 399 398 397 396 378 376 374 372 370 368 366 364
Binding energy (eV) Binding energy (eV)

Figure 3. (a) Full X-ray photoelectron spectroscopy (XPS) spectra of N/Ag/TiO2 and bare-TiO: photocatalysts and
high-resolution spectra of (b) Ti 2p, (c) N 1s, and (d) Ag 3d.

Table 3. Surface compositions (in at. %) of bare-TiO2 and N/Ag/TiO:z photocatalysts, obtained by XPS.

Ti Content O Content N Content Ag Content
(at. %)
Samples Tt T+ Ti-OH Ti-O-Ti N-O N-Ti-O Ti-N-O  Ag(0) Ag0 AgO
(531.9eV) (530.8eV) (401.1eV)(399.7 eV) (398.1 eV) (369.8 eV) (368.4 eV) (367.8 eV)
Bare-TiO:2 94.24 5.76 20.09 7991 - - - - - -
N/Ag/TiO: 86.41 13.59 11.0 89.0 29.04 36.99 33.97 5.36 83.93 10.71

By considering the Ti state from the XPS high-resolution spectra as shown in Figure
3b, the intensive peak of Ti 2psp, at a binding energy of 458.5 eV (>90 at.%), corresponding
to the Ti* in the bare-TiO:lattice, was observed. This was the case agreement with [45,46]
for both the bare-TiO2 and N/Ag/TiO: photocatalysts. Also, a small Ti20s amount (<10
at.%), corresponding to the oxygen vacancies was also observed. One should note that
the Ti 2p bands for the N/Ag/TiO: shifted slightly to the lower binding energies. This was
attributed to the change in electronic interaction between bare-TiO: and silver [47].
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Figure 3c shows the high-resolution XPS spectra for N1s, located in the 399—401.1 eV
binding energy (BE) range. This suggests that the incorporation of an N atom into the
bare-TiO: crystal lattice was achieved by the bonding of three different species. The XPS
spectra bands at 398.1 eV and 399.7 eV correspond to interstitial N doping (33.97 at.%)
and substitutional N doping (36.99 at.%), respectively [48]. The higher BE of 401.1 eV
(29.04 at.%) is usually ascribed to a chemisorbed nitrogen [49]. The most intensive peaks
of the substitutional N, which occur by replacing the O atom by an N atom, in the
bare-TiO: lattice in order to form O-Ti-N linkages, as well as the interstitial N are much
more effective in the bare-TiO: crystal lattice [45-50].

These various findings are in good agreement with the XRD results. They are also in
good accordance with Pisarek et al, who reported that the bare-TiO: crystal lattice
structural changes occur through the incorporation of N into it, by forming of a Ti-N-O
bond (396.7-397.1 eV) and a N-Ti-O bond (398.0-399.0 eV) [51]. Xu et al. also reported
that the crystal structure and lattice parameters of bare-TiO: are affected by N doping.
The substitution of N into bare-TiO: crystal lattice by replacing for O atom can also be
confirmed by the change in surface electron densities of each elements in N-Ti-O linkage.
Due to the electronegativity of the O atom (3.5) is greater than that of the N atom (3.0), it
affects electron transfers from the N atom to the Ti atom. This leads to a reduction in
electron density on the N atom, and subsequently increases the electron density on the Ti
atom [24]. The BE peak at about 399.9 eV is possibly related to a reduction of nitrogen
electron density due to the high electronegativity of oxygen, as reported by others [50-
52]. Consequently, this further proves that N was incorporated into the lattice and sub-
stituted for oxygen.

Figure 3d depicts the XPS spectra for Ag 3d with two major peaks of Ag 3ds2 and Ag
3dsp, located at 373.60 eV and 367.6 eV, respectively. Considering the signal peak of Ag
3dsp, it was noticed that the introduction of silver in the lattice surface of the bare-TiO:
provides three different silver states: Ag? (5.36 at.%), Ag:0 (83.93 at.%) and AgO (10.71
at.%) located at 369.8 eV, 368.4 eV and 367.8 eV, respectively [47]. This showed that the
content of oxidized silver in the bare-TiO:2 is larger than the content of metallic silver
(Ag®), with both Ag® and Ag* in the bare-TiO: crystal lattice, playing a critical role in the
electron-hole separation and as a result, the photocatalytic performance [53,54]. Accord-
ing to Santos et al. (2015), Ag® clusters could allow strong visible light absorption on the
TiO:z surface [55]. This is due to their surface plasmon resonance (SPR) effect. Further-
more, Batalovi¢ et al. (2017) have mentioned that a metal atom deposited on a TiO: sur-
face could create a catalytically active surface, for reaction intermediates [45].

In this respect, as seen in previous studies, and another paper by Sirivallop et al.,
[13], the N and Ag addition in bare-TiO: was responsible for several positive effects on
the physicochemical properties such as: (a) smaller anatase crystallites, (b) higher surface
area, (c) surface plasmon resonance (SPR) for silver, (d) narrow bandgap energy and (e)
high charge separation efficiency. One should note, however, that the increased of ex-
ternal agglomerate specific surface as well as the reduced acidity based on the unit sur-
face area, was observed in the case of the N/Ag/TiO: crystal lattice. This combination of
semiconductor properties allows one to explain the methanol photocatalytic degradation
under visible and near-UV irradiation.

3.2. Photon Absorption Efficiency

The measurements of incident radiation, transmitted light and backscattered light
by the photocatalyst were taken at various axial and angular positions, in order to obtain
the total photon absorption by the photocatalyst. Table 4 reports the total photon ab-
sorption calculated, based on the macroscopic radiation balances of the bare-TiO: and of
the N/Ag/TiOz-coated photocatalyst on the cylindrical stainless-steel woven mesh (2
wt.% loadings), under either near-UV or visible light illumination. The total photons
transmitted and backscattered by the photocatalyst were also determined by showing
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that the incident light was not only absorbed by the photocatalyst but could also be
transmitted and backscattered from the mesh surface.

Table 4. Calculated photon fluxes of incident light (P;, r = 5.9 cm), transmitted light (P, 5.25 cm) and
backscattered light (Pos, r = 7.7) by the coated mesh. All occur when using the woven mesh coated
with 2 wt.% of photocatalyst loading under either near-UV (320-380 nm wavelength) or visible
light (380-700 nm wavelength).

Light
ight Source/ Pi (Photon s) Pt (Photons) Pbs (Photon s!) Pa (Photon s?)
Photocatalyst
Near-UV light
Bare—Tlpz 5,06 x 1018 9.91 x 1016 7.78 x 107 4.18 x 108
N/Ag/TiO: 1.45 = 10v7 4.60 x 10" 4.46 x 1018
Visible light
Bare-Tin 4.85 x 1018 2.50 x 1018 8.00 x 10" 1.55 x 1018
N/Ag/TiO: 8.80 x 1017 1.65 x 1016 3.95 x 1018

Figure 4 reports the photon absorption efficiency of near-UV light and visible light
irradiation calculated from the ratio of absorbed photons by the photocatalyst over the
irradiated photons reaching the photocatalyst surface.

Il Near-UV light
[ visible light

80+

60

40

20+

Photon absorption efficiency (%)

0.5 %wt.

100
TiOp I Near-UV light N/AgTiO2
= [ Visible light
S
> 804
Y
c
[
S
£ 0
c
2
B
g 404
o
©
c
2
S 20
<
o
0
1.0 %wt. 2.0 %wt. 0.5 %wt. 1.0 %wt. 2.0 %wt.
TiOp N/AgITIO,
(a) (b)

Figure 4. Near-UV light and visible light radiation photon absorption efficiencies on: (a) bare-TiOz, and (b) N/Ag/TiO=.
Both bare-TiO2 and N/Ag/TiOz are coated on the cylindrical stainless-steel woven mesh at different particle loadings (0.5

2 wt.%).

In this respect, one can see in Figure 4 that the N/Ag/TiO: exhibits higher photon
absorption efficiencies both under near-UV (80-90%) as well as visible light (70-80%).
On the other hand, the bare-TiO: showed a 65-80% photon absorption efficiency under
near-UV irradiation, with a poor absorption capacity (less than 30%) under the visible
light radiation. Furthermore, it was also noticed in Figure 4b (using the N/Ag/TiOz), that
the photon absorption efficiency increased with the amount of photocatalyst loading on
the stainless-steel woven mesh, with 2 wt.% providing the highest photon absorption.
Given this demonstrated higher photon absorption, these results anticipate that the
N/Ag/TiO: photocatalyst holds special promise, for the photocatalytic degradation of
VOCs under visible light.
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3.3. Photocatalytic Conversion of Methanol

3.3.1. Photocatalytic Methanol Conversion by Bare-TiOz and N/Ag/TiOz under Near-UV
and Visible Light Irradiation

The photocatalytic oxidation of gas phase methanol in a recirculating batch Pho-
to-CREC-Air Reactor was carried out under two different light source illuminations:
near-UV and visible light, by using either bare-TiO2 or N/Ag/TiOz coated on a stain-
less-steel woven mesh. Various chemical species formed were determined by using a gas
chromatograph unit with a flame ionization detector (GC-FID). Supplementary Materials
A and B reports a typical GC-FID chromatogram and calibration curves for various
photocatalytic methanol conversion products. This chromatogram showed conclusively
that there are no other chemical species detected under dark conditions, except the in-
jected methanol and the CO:z contained in the atmosphere at a constant concentration.

Figure 5a,b report the photocatalytic conversion of methanol and the formation of
formaldehyde and formic acid intermediates, when using the bare-TiO: under near-UV
and visible light, respectively. The coated bare-TiO: in Figure 5a shows an excellent
photocatalytic activity under the near-UV light irradiation, with rapid methanol degra-
dation and essentially zero methanol concentration achieved in 110 min of irradiation
time. One can also notice that the intermediate species formaldehyde and formic species
are formed in small amounts, disappearing later when CO:2 reaches its maximum level.
Regarding the chemical species detected, one can observe that the concentration of these
chemical species always provides a carbon balance closure, near 100%, allowing one to
conclude that there is a modest influence of adsorbed hydrocarbon species during the
run. One can also see in Figure 5b, and in contrast with the results in Figure 5a, that the
bare-TiO:z photocatalyst becomes essentially inactive under the visible light, with meth-
anol concentration hardly decreasing with irradiation time. One should note that the
close to 100% carbon balance shows the reliable accounting of all carbon containing spe-
cies during the experiments.
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Figure 5. Photocatalytic conversion of 21 umol/L of methanol on 0.5 wt.% bare-TiO2 coated on a stainless-steel woven
mesh as well as, under (a) near-UV and (b) visible light. Notel: (i) the left Y blue coordinate refers to the concentration of
methanol (o), CO2 (A) as well as total carbon (o), and the right Y red coordinate refers to intermediates concentration of
formaldehyde (¥) and formic acid (V) species; in addition to, (ii) Mean values corresponding to at least 3 repeats with a
standard deviation (SD) of 10 + 3%. Note2: The close to 100% total carbon balance shows the reliable accounting of all
carbon-containing species during the runs.

Figure 6a,b report the photocatalytic conversions of methanol under near-UV and
visible light, using the N/Ag/TiO: photocatalyst, which displays good photodegradation
in both cases. Figure 6a,b also show that both formaldehyde and formic acid are two
produced intermediate species in both cases, while concentrations are reduced with ir-
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radiation time. Note 2: One should note that close to 100% total carbon, calculated as a
summation of all carbon-containing species at any time during the run, shows the reliable

accounting of all chemical species.
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Figure 6. Photocatalytic conversion of 25 umol/L of methanol on a 0.5 wt.% N/Ag/TiO2 coated on a stainless-steel woven
mesh as well as, under (a) near-UV and (b) visible light. Note 1: (i) the left Y blue coordinate refers to the concentration of
methanol (o), COz (A) as well as total carbon (0), and the right Y red coordinate refers to intermediates concentration of
formaldehyde (%) and formic acid (V) species; in addition to, (ii) mean values corresponding to at least 3 repeats with a
standard deviation (SD) of 15 + 5%. Note 2: The close to 100% total carbon shows the reliable accounting of all carbon
containing species during the runs.

Results obtained during the developed runs, as shown in Figure 6a,b, can be ex-
plained as follows: (a) there is essentially no detectable photocatalytic activity for the
bare-TiO:z and (b) there is significant photocatalytic activity when using N/Ag/TiO:2 pho-
tocatalysts. Differences in photoactivity can be assigned to the reduction of the optical

band gap, and the enhanced photon absorption capacity of the N/Ag/TiO: [45,55].

From the above experimental results, a series-parallel reaction pathway for the
photocatalytic conversion of gas-phase methanol to COz, in a Photo-CREC-Air Reactor,
can be considered, as described in Figure 7.

Figure 7. Series-parallel reaction pathways for methanol photoconversion into CO2, on the
bare-TiO2- and the N/Ag/TiOz-, Immobilized on a mesh in a photo-CREC-Air Reactor.

This series-parallel network accounts for the following steps: (i) a first reaction step
(R1), with methanol oxidizing to CO: directly, without any detectable reaction interme-
diates, (ii) a second reaction step (Rz) with methanol oxidizing to COg, yielding formal-
dehyde (CH20) as a detectable intermediate, and decomposing later into CO, and (iii) a
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third reaction step (Rs), accounting for methanol oxidizing to CO2, with formaldehyde
(CH20) and formic acid (HCOOH) as intermediate species.

The series-parallel network mechanism can be considered on the basis of (a) meth-
anol concentration decreasing progressively, with CO2 continuously increasing with ir-
radiation time, (b) a CO: formation rate of non-zero at early irradiation times and (c)
formaldehyde and formic acid displaying maximum values at about similar irradiation
times.

This photocatalytic pathway for methanol oxidation photoconversion is in agree-
ment with Lv et al,, [56], Lugo-Vega et al., [15], and de Lasa et al., [19]. de Lasa et al.
(2005) introduced the “series-parallel” network scheme, validating it based on the ex-
pected and unavoidable differences in photon density at various photocatalytic reactor
locations.

3.3.2. Effect of Photocatalyst Loading

The photocatalytic degradation of methanol was evaluated at a relative humidity of
35-46% range (refer to Appendix B), varying the percentage weight of the immobilized
photocatalyst on the cylindrical stainless-steel woven mesh as follows: 0.5 wt.%, 1 wt.%
and 2 wt.%

Figure 8a,b report the photocatalytic activity of methanol degradation using differ-
ent loadings of bare-TiO2 and N/Ag/TiOz2immobilized on the mesh, respectively. From
these figures, one can notice that the activity of photocatalytic methanol degradation
under near-UV light depends on the amount of photocatalyst loaded. Consistent with
this, higher amounts (2 wt.%) of either bare-TiOz or N/Ag/TiOz showed greater methanol
degradation rates as compared to lower photocatalyst loadings. For bare-TiO, the fastest
photocatalytic reaction for methanol degradation was observed when using a mesh
coated with 2 wt.% of bare-TiO2. This showed a complete methanol degradation within
90 min of near-UV irradiation: k =2.2 x 102 min~ (R2=0.98) (see Table 5).
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1wt.% N/Ag/TiO2
0.8 - wt.% NfAe/Ti 0.8 |
S O 2wt.% N/Ag/TiO2 <G
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Figure 8. Methanol degradation with different loadings of N/Ag/TiO2 coated on a mesh: 0.5 wt.%, 1 wt.% and 2 wt.%
Runs were carried out under (a) near-UV light and (b) visible light irradiation. Note: Reported data are for at least three
repeats with 15 + 5% standard deviation (SD). Note: The close to 100% recorded carbon contained balance shows the
consistent accounting of all carbon containing species during the experiments.
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Table 5. Methanol photodegradation rate under near-UV and visible light using a bare-TiO2 and N/Ag/TiO: photocata-
lysts. The kinetic models used are of the pseudo first-order reaction type with kinetic constants being reported.

Degradation Rate (%): Time (min) Kinetic Rate Constant

Photocatalyst N V Light Visible Light
orocatalys Near UV Light  Visible Light fear UV Lig Visible Lig

min-! R2 min-1 R2

0.5 wt.% bare-TiO2 100%: 150 min inactive 9.4 %103 0.99 - -

1.0 wt.% bare-TiOz 100%: 120 min - 1.3 x102 0.95 - -

2.0 wt.% bare-TiO2

100%: 90 min - 2.2x1072 0.98 - -

0.5 wt.% N/Ag/TiO: 60%: 180 min 30%: 180 min 3.5x103 0.98 1.6 x 103 0.92
1.0 wt.% N/Ag/TiO: 82%: 180 min 40%: 180 min 5.0 %103 0.98 2.1x103 0.88
2.0 wt.% N/Ag/TiO2 100%: 160 min 60%: 180 min 6.4 x 103 0.96 3.3 x103 0.98

Table 5 reports the photocatalytic performance of methanol degradation using the
bare-TiO: and the N/Ag/TiO2 and employing pseudo first-order reaction rates. Kinetic
constants were also determined for each experimental condition, based on at least three
repeats. Data obtained show higher kinetic constants at the higher photocatalyst load-
ings, with this being consistent with the increased photon absorption exposed area of the
formed external agglomerate specific surface (refer to Figure 4). Therefore, based on these
results, it was considered that 2 wt.% was the best photocatalyst loading for next ex-
periments in the present study.

3.3.3. Effect of Initial Methanol Concentration

For methanol degradation, runs were performed by using different initial methanol
concentrations of 25, 45 and 90 pmol/L with 2 wt.% loadings of bare-TiO2 and N/Ag/TiOs.
Figure 9 shows that bare-TiOz photocatalysts exhibited a maximum photocatalytic effi-
ciency at 25 pumol/L, with a slightly lower degradation rate with increasing methanol
concentrations.

10083 B
O 25 umol/L methanol
45umol/L methanol

O 90 umol/L methanol

80 -
60 0
40

20 +

Methanol degradation (%)

0 30 60 90 120
Time (min)

Figure 9. Photocatalytic performance of methanol degradation at different initial concentrations of
methanol (25, 45 and 90 umol/L) with 2 wt.% Bare-TiO: coated on a mesh under near-UV Light.
Note: Reported data are for at least three repeats with 8 + 1% SD.

Figure 10a,b also display a maximum photocatalytic rate using 25 pmol/L of meth-
anol, with 2 wt.% N/Ag/TiO: coated on a mesh, with this being consistent for near-UV
and visible light.
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Figure 10. Photocatalytic performance of methanol degradation at three different initial concentrations of methanol (25,
45 and 90 pmol/L) with 2 wt.% N/Ag/TiO:z coated on a mesh under (a) near-UV light and (b) visible light. Note: Reported
data are for at least three repeats with 10 + 2% SD.

3.3.4. Quantum Yield Efficiencies

The quantum yield (QY) is a parameter that can be utilized to express the efficiency
of the photocatalytic process (de Lasa et al.,, [19]). The QY can be calculated based on
hydroxyl radical formation rates over the photocatalyst photon absorption rates. Figures
11 and 12 display the percentual quantum yields (QYs%), for 2 wt.% of bare-TiO2 and
N/Ag/TiO:z coated on the mesh, as a function of irradiation reaction time for the photo-
degradation of methanol at 25, 45 and 90 pmol/L concentrations. An example of a QY%
calculation is described in Appendix C.

Figure 11 reports QYs% for the bare-TiO2 under near-UV light irradiation, showing a
QY% increasing, with a maximum value after 15 min of irradiation. Then, the QYs%
steadily decrease until reaching zero, at the longer irradiation times. It is relevant to ob-
serve that at 90 umol/L, the QYs% surpass 100%, with this being consistent with results
from Lugo Vega et al,, [57] who used a Degussa P25 (TiO2) photocatalyst in the Pho-
to-CREC-Air, under near-UV light, for acetone photodegradation.

140 ~ 2%wt. TiO,

120 1 A
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w
s 60 O 25umol/L Methanol

O
40 +
20 A ©
0 T T T R L= [2=3 T
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Figure 11. Quantum yield efficiencies (QYs%) for photocatalytic methanol degradation using a 2
wt.% bare-TiO:z photocatalyst coated on a mesh. Experiments were carried out under near-UV light
at three different initial methanol concentrations of 25, 45 and 90 umol/L. Note: Reported data are
for at least three repeats with 8 + 1% SD.

Figure 12a,b report the QYs% for the N/Ag/TiO: under near-UV light and visible
light irradiation, respectively. In Figure 12a for the N/Ag/TiOz under near-UV light one
can see that the photocatalytic degradation of methanol, achieved a maximum QY close
to 50%. This was twice as low as the QY% obtained when using the bare-TiO:x.
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On the other hand, Figure 12b shows the QYs% when using a N/Ag/TiO: photo-
catalyst under visible light. In this case, the maximum QY% was 35%. This is in clear
contrast with the essentially zero QY% obtained when using the bare-TiO: under visible
irradiation.
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Figure 12. Quantum yields (QYs%) for photocatalytic methanol degradation using a 2 wt.% N/Ag/TiO:z coated in a mesh.
Runs were carried out using different irradiation sources: (a) near-UV light and (b) visible light, and at three different
initial methanol concentrations of 25, 45 and 90 umol/L. Note: Reported data are for at least three repeats with 10 + 2% SD.

Furthermore, Table 6 reports a comparison of QYs% for photocatalytic methanol
oxidation obtained using several photocatalyst loadings for both bare-TiO:2 and
N/Ag/TiOz under visible and near-UV irradiation.

Table 6. Percentage quantum yields (QYs%) for the photocatalytic degradation of methanol (90
umol/L) using either a bare-TiO:2 photocatalyst or a N/Ag/TiO2 photocatalyst, coated on a mesh at
different loadings: 0.5 wt.%, 1 wt.%, and 2 wt.%

Maximum Quantum Yield Efficiencies (QYs%)

Photocatalysts Near-UV Light Visible Light
0.5 wt.% bare-TiO2 53.3 -
1 wt.% bare-TiO2 79.3 -
2 wt.% bare-TiO2 117.9 -
0.5 wt.% N/Ag/TiO: 19.0 15.69
1 wt.% N/Ag/TiO: 25.3 20.54
2 wt.% N/Ag/TiO: 46.3 35.08

Table 6 shows for the 2 wt.% bare-TiO», a highest QY% of 117.9% under near-UV
light was obtained. This QY% is remarkably close to the theoretical maximum QY value
of 133% [19]. Therefore, this result suggests that the photocatalytic methanol conversion
with 2 wt.% bare-TiOz and under near-UV light, is the recommended option to obtain the
highest possible level of utilization efficiency in a Photo-CREC-AIR-Reactor. While this is
encouraging, one should mention that the bare-TiO: displays no activity under visible
light.

On the other hand, for the 2 wt.% N/Ag/TiO: photocatalyst, good photocatalytic
performances were consistently observed in terms of methanol conversion, for both
near-UV light as well as under visible light irradiation, these conversions being 46.3% QY
and a 35.8% QY, respectively.
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4. Materials and Methods

Both the bare-TiO: and the N/Ag/TiO: photocatalysts, were prepared via the sol-
vothermal method. The prepared photocatalysts were immobilized on a cylinder of
stainless-steel woven wire mesh using the spray coating method. This method is pro-
posed here as an appropriate technique for coating a substrate material with a cylindrical
shape. To optimize the immobilized photocatalyst loadings (0.5-2 wt.%), different
amounts of photocatalyst were coated on a woven stainless-steel mesh.

The conversion of methanol on the bare-TiO: coated mesh, using either near-UV or
visible light illumination, was carried out in the Photo-CREC-Air Reactor (Lugo-Vega et
al., [57]). The light intensity and distribution over the coated mesh cylinder was meas-
ured using a Stellarnet Spectrophotoradiometer (EPP3000, 200-1100 nm wavelength
range, StellarNet, Inc., Carlson Circle, Tampa, FL, USA). The efficiency of the photoca-
talysis of methanol conversion in the reactor was established using the QYs, based on the
absorbed photons and the hydroxyl radicals consumed. The various steps of the experi-
mental methods considered are described in more detail in the upcoming section.

4.1. Preparation of Photocatalysts

The bare-TiO: as well as N/Ag/TiO:2 photocatalysts, were synthesized by using sol-
vothermal method. Using this approach, a titanium (IV) butoxide (Ti(OBu)4, <97%, Fluka,
Buchs, Switzerland) precursor was dissolved in 110 mL of ethanol solvent (C2HsOH,
99.8%, Merck, Darmstadt, Germany). This was followed by adding 1.26 mL of nitric acid
(HNOs, 65%, Merck) and distilled water (3.6 mL) under vigorous mixing. The resulting
homogeneous gel was then transferred to a Teflon lined autoclave and kept in an oven
(Wiseven WOF-105, Daihan Scientific, Seoul, Korea), under an air atmosphere and 200 °C
for 3 h. Furthermore, and to implement Ag and N doping, silver nitrate (AgNOs, 99%,
Merck, Darmstadt, Germany) and diethylamine ((CHsCH2)2NH, 99%, Merck, Darmstadt,
Germany) were employed as Ag and N sources. Under these conditions, silver nitrate
and diethylamine solution was added dropwise into a bare-TiO2 solution prior to thermal
treatment at 200 °C for 3 h. Regarding N and Ag in N/Ag/TiO:, the precursor solutions
were prepared to yield a nominal 5% and 10% mol in the synthesized semiconductor,
respectively. Once the thermal treatment was complete, the precipitate obtained was fil-
tered, repeatedly washed with ethanol-water and dried at 80 °C overnight. The solid
catalyst was finally ground in an agate mortar before annealing it at 450 °C for 3 h, in a
muffle furnace (JSMF-30HT, maximum temperature 1200 °C, JSR, Gongju, Korea) with a
heating rate of 10 °C/min. Further description of the reagents and methods used for
photocatalysts synthesis are described in more detail in a recent publication (Sirivallop et
al. [13]).

4.2. Photocatalyst Characterization Methods#

The properties of the synthesized photocatalysts were characterized using XRD.
With this end, an advance with Eulerian Cradle, Bruker, Madison, WI, USA unit with a
Cu-Ka radiation (A = 1.5418 A) at 40 kV source, recording a 20 range in the 20°-70°, was
used. The XRD peak positions for the crystal phases were identified with the Joint
Committee on Powder Diffraction Standards (JCPDS) database according to Sirivallop et
al., [13]. The average crystallite size was determined using the Debye—Scherrer formula
[29-31] below:

K2
D [

= 14
By cos 0 (14)

where D is the average crystallite size (nm), K is the shape factor (0.89), A is the wave-
length of incident X-rays (1.5418 A), and Bruis the full width at half maximum (FWHM) of
the Bragg peak. One should mention that the average particle size distributions of the



Catalysts 2021, 11, 529

16 of 28

prepared bare-TiO: and of the N/Ag/TiO: were measured using a Malvern Zetasizer
Nano-Series Analyzer (Malvern Panalytical Ltd., Worcestershire, UK).

On the other hand, the specific surface areas of the photocatalysts were determined
from nitrogen adsorption-desorption isotherms at 77 K, using a surface analyzer
(Quantachrome, BEL model, Boynton Beach, FL, USA). The Brunauer-Emmett-Teller
(BET) method was applied to calculate the surface areas, while the pore size diameters
and volumes were determined by the Barrett-Joyner-Halenda (BJH) method. The total
pore volume was estimated from the adsorbed amounts at the 0.98 P/P, relative pressure.

The optical properties of the bare-TiO: and the N/Ag/TiO: photocatalysts were in-
vestigated by using an ultraviolet/visible/near-infrared (UV/Vis/NIR) spectrophotometer
(Perkin Elmer, Lambda 950, Waltham, MA, USA) at the wavelength range of 200-700 nm.
The band gap energy (Eg) of both photocatalysts was estimated using the Tauc-method,
by plotting the (cthv)? versus the photon energy (hv) [58]. In addition, the electronic
structure and electron-hole separation were analyzed using the photoluminescence (PL)
spectrophotometer (AvaSpec-2048TEC-USB2-2, Avantes, Apeldoorn, The Netherlands)
under the excitation of a 20 microwatt light-emitting diode (LED) lamp. The chemical
composition and state of the Ag and N in the bare-TiO: crystal lattice were analyzed by
X-ray photoelectron spectroscopy (XPS) using a Thermoscientific ESCALAB 250Xi sys-
tem with a Mg Ka source (Thermo Fisher Scientific, Waltham, MA, USA). All the binding
energies were calibrated using the C 1s peak at 284.6 eV.

Furthermore, and to establish the relative abundance of the acid sites on the photo-
catalyst surface, ammonia (NHs) TPD was performed by using a Micromeritics Au-
tochem II 2920 instrument (Norcross, GA, USA). In the TPD procedure, the prepared
photocatalysts were pretreated with a flow of helium (He) at 600 °C for 20 min and then
cooled down to 100 °C. After this, a stream of gas containing 5% NHs balanced with He,
was circulated through two beds containing 178 mg and 183 mg of synthesized
bare-TiO: and N/Ag/TiOz, respectively, at a rate of ~50 cm?/min and heated at 100 °C for
1 h. Then, the photocatalyst samples were heated using a 20 °C/min ramp, from ambient
to 600 °C, under helium flow. NHs was then progressively released from the sample,
once the sample temperature provided the required ammonia desorption energy. TPD
was then employed to quantify the desorbed NHs from the photocatalyst samples. As a
result, the total acidity of the sample was determined by integrating the eluted ammonia
peak, which represented the volumetric change of NHs in cm3/min (STP).

4.3. Spray Coating for Photocatalyst Immobilization

Good mesh coatings should provide a uniform and homogenous photocatalyst lay-
er. The resulting coating should provide a large of surface area with little particle ag-
glomeration. In this respect, spray coating techniques show great potential with neither
binder nor polymer required due to the interparticular-forces between bare-TiO2 photo-
catalysts and stainless-steel woven mesh [59].

A 304 stainless-steel cylindrical woven wire mesh (Ferrier Wire Goods Co., Toronto,
ON, Canada) with a 1220 cm? total area, a 0.01 mm wire diameter, a 40 x 40 mesh count
and 36% open area, was used as the substrate material in this research. The immobiliza-
tion of the photocatalyst on the stainless-steel woven mesh cylinder was obtained by
using the spray coating technique which was adapted from Lugo-Vega et al., [59]. These
authors reported that spray coating provides an appropriate technique for TiO2 photo-
catalyst immobilization on complex substrates such as metallic meshes, without blocking
the mesh openings and without affecting the pressure drop significantly.

The apparatus described in Figure 13 was used by adopting the following photo-
catalyst immobilization steps:

i A cylindrical shaped mesh was cleaned with acetone, alcohol and deionized water
to remove all dirt, oils or grease, before letting it dry.
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ii. A cleaned cylindrical shaped stainless-steel woven mesh was set on a rotating base
with a constant velocity of 12 rpm. A 150 Badger nozzle gun (Badger Air-Brush Co.,
Franklin Park, IL, USA) was held on a stand, which was fixed at a distance of 30 cm
from the cylinder mesh surface.

iii. The bare-TiOz or N/Ag/TiO: particle suspension with different concentrations (5, 10
and 20 wt.%) were prepared using distilled water (50 mL), by sonicating the particle
slurries for 30 min. Furthermore, and to avoid the particle settling during spray
coating, the particle suspension was stirred continuously using a magnetic stirrer.

iv. A 1.31 mL suspension volume was injected into a paint cup and then sprayed onto
the mesh surface with an adequate and constant air pressure of 20 psia. This re-
quired coating was typically achieved after three-cylinder rotations, with the spray
gun providing a homogeneous coating to all areas of the metallic mesh (Figure 14).
To cover the entire height of the cylindrical mesh, the gun level was adjusted for
every coating step, starting from the top and moving down every 5 cm.

The mass of the photocatalyst coated on the cylindrical mesh was determined by the
weight difference before and after coating. It was found that 1 g of immobilized photo-
catalyst could be coated on a 220 + 0.2 g of stainless-steel woven mesh, using 2.5 g of
photocatalyst dispersed in 50 mL of water.

Rotating direction
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NG Target Spray gun -

__— Rod clamp

Stainless steel — ! \ -
mesh il
i 30cm
Comprefssed air

Rotating base NS

m— r &‘% ‘//Stage base
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Figure 13. Schematic diagram of the immobilization of the photocatalyst on a stainless steel woven
wire mesh cylinder via an air assisted spray coating technique adapted from Lugo-Vega et al. [59].

Using the proposed impregnation method, the photocatalyst coated with immobi-
lized photocatalyst on the wire mesh as shown in Figure 14 was obtained. This was
achieved with a spray coating efficiency of about 40 wt.%
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Figure 14. Photos showing the cylindrical stainless-steel woven mesh (55.4 cm x 34.7 cm) with the
immobilized N/Ag/TiO: and bare-TiO:z photocatalysts.

Furthermore, and to investigate the optimal amount of photocatalyst immobilized
on the mesh, three different amounts of bare-TiO:2 and N/Ag/TiO: suspensions were
prepared: 0.5 wt.%, 1 wt.% and 2 wt.% Moreover, the strength of the photocatalyst parti-
cle attachment on the stainless-steel woven mesh was evaluated by exposing the coated
mesh to the airflow system in the Photo-CREC-Air Reactor for 48 h. One should note that
the weight of the immobilized mesh before and after testing was essentially unchanged,
with a 0.02 + 0.01% weight loss only.

4.4. Photocatalytic Conversion of Methanol in the Photo-CREC-Air Reactor (PCAR)

The Photo-CREC-Air Reactor (55 L total volume) operates at isothermal conditions
39 + 0.5 °C. It was designed for the photocatalytic degradation of several VOCs pollu-
tants, using an irradiated cylinder mesh with an immobilized photocatalyst. The PCAR
was employed for the conversion of methanol, in this present work.

Figure 15 describes a simplified scheme of the overall view of a Photo-CREC-Air
Reactor. The Photo-CREC-Air Reactor consists of three major sections: (1) an air transfer
section, using a GASP gas blower to drive the air to the Venturi and to the reaction sec-
tion, (2) a water-cooling section which controls the temperature before recirculating the
air into the reaction section, and (3) a reaction section with a coated mesh inside a quartz
glass tube, surrounded by eight light lamps, ensuring adequate irradiation to the coated
mesh. The cylindrical stainless-steel woven mesh is supported by a bullet nose bottom,
which promotes the appropriate airflow recirculation through the coated mesh (Figure
15, inset).

The experiments of methanol conversion in a Photo-CREC-Air Reactor were carried
out by using either a bare-TiOz-coated mesh or N/Ag/TiOz-coated mesh, under the irra-
diation of 8 near-UV lamps (Philips, Amsterdam, the Netherlands, 15 W, 325-380 nm
wavelength) or 8 visible light lamps (Eiko Global, Shawnee, KS, USA, 15 W, 360-800 nm
wavelength). Before the light was turned on, the experiment was run under dark condi-
tions for 30 min. This was done in order to reach the adsorption equilibrium between the
organic pollutants and the photocatalyst. Regarding the runs developed, experiments
involved varying the quantity of photocatalyst loading (0.5, 1 and 2 wt.%) and the
methanol concentration (25, 45, and 90 pmol/L). Every experimental condition was re-
peated at least three times, to secure adequate data collection. Before every experimental
run, air in the photoreactor reactor loop was allowed to flow, with the “on-off” valve
opened for an hour. This permitted the evacuation of any chemical species that could
have remained in the Photo-CREC-Air Reactor from a previous run.

The concentrations of methanol and of photocatalytic intermediates at various irra-
diation times, were quantified using an automatic sampling valve connected to a gas
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chromatographic (GC) unit. This GC was equipped with a flame ionization detector
(FID). The GC-FID methods employed are described in Supplementary Materials A and
B.

J PCAR Overall View

Airflow

Figure 15. Schematics of a Photo-CREC-Air Reactor system with gas chromatography equipment.
This figure also describes the air circulation (Airflow) through the stainless-steel woven coated
mesh (inset).

4.5. Radiation Measurements and Macroscopic Irradiation Energy Balances

Irradiation measurements in the Photo-CREC-AIR Reactor unit are of prime im-
portance to establish macroscopic energy balances [19]; incident photons (Pi) are ab-
sorbed, backscattered, and transmitted by the photocatalyst impregnated mesh, as de-
scribed in Figure 16.

Near-UV

T
e

BE

Figure 16. Schematic diagram of light photons irradiation, showing incident light (Ps), transmitted
light (Pr) and backscattered light (Pbs), resulting from the interaction with the immobilized photo-
catalyst on Photo-CREC-Air Reactor mesh.

To establish photon absorption in the photocatalyst, measurements of incident light,
transmitted light through the mesh, and backscattered light were carried out at several
axial and angular positions. This allowed us to establish macroscopic radiation balances
as follows:

Pi=Pa+Pi+ Pbs (15)
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Pa=Pi—Pt—Pos (16)

where, Pi is the rate of incident light, Pa is the rate of absorbed photons by the photo-
catalyst, Pt is the rate of transmitted photons by the photocatalysts and Pes is the rate of
backscattered photons by the photocatalyst. One should note that the photon flux for P;,
Pt and Pvs in photons s™ can be calculated using following equation:

p=-L (17)

Eav

The total photon energy (Q) in the reactor can be calculated by integrating the spec-
tral irradiance overall photon wavelengths and multiplying this by the irradiated area of
a cylindrical mesh as shown in Equation (18). On this basis, the average photon energy
(Ew) in J/photon can be obtained by using Equation (19) [60,61].

Q= [ [ 3" a(6,2,2)rdodzd (18)
A‘ /Lmax
fe Jime (0, 2,2) dA
Ep = —3 (19)

[, q(8,2,2) dA

According to Equation (17), it can be rewritten with the use of Equations (18) and
(19) as follows,

fime Iy fozn q(6,21)rdodzdr

Amin (20)
Eav
or,
A fAmax © (2
P= [, Jo " q(8,2,)rdodzdA 1)

where Q or q(0, z, 1) represents the energy from the lamp in J s units, measured at dif-
ferent angular (0), radial (r) and axial (z) positions; where P is the photon flux (photon
s1); where Ew stands for the average photon energy (J/photon); where 1 is the photon
wavelength (nm); where h is the Planck’s constant (6.34 x 103 J s/photon); and where ¢
the speed of light (3.0 x 108 m s™).

To calculate the various irradiation terms as shown in Figure 16, and to obtain a
value for P,, a Stellarnet Spectrometer (EPP3000, 200-1100 nm wavelength range, Carlson
Circle Tampa, FL, USA) connected with an optical probe, was employed. The sensing end
of this spectroradiometer was adapted, so that it could be inserted into the reaction sec-
tion of the reactor from the top of the quartz glass tube. As a result, we were able to de-
velop radiation measurements, at several axial and angular positions in the Pho-
to-CREC-Air unit, as required by Equation (15). The spectral intensity of near-UV (320-
400 nm wavelength) and visible light (380-800 nm wavelength) lamps measured by a
Stellarnet Spectrometer is shown in Appendix A. Additional information regarding ra-
diation measurements and other auxiliary equipment are reported in more detail by
Lugo-Vega [57].

4.6. Quantum Yield Efficiencies

The quantum yield (QY) is a key parameter used to establish the performance of a
photocatalytic reactor (de Lasa et al., [19]). The QY can be defined as the ratio of the moles
of OH" radicals involved in the photocatalytic reaction over the number of moles of
photons absorbed by photocatalyst [61]. Thus, the QY can be calculated as reported in
Equation (22) [60,61]:

rate of OH* consumed

i = 22
Quantum yield (QY) rate of photon absorbed @2)
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The rate of OH* consumption can be calculated using the stoichiometry of pollutant
degradation as follows:

Vi‘anHmOn + VOH.,]'OH 4 Vh,ijHyOz + VHZO,jHZO (23)
Tij Ton* j
— = (24)
Vij  Vown'j
o)
Tonrj = =, — Tij (25)
1)

where, rj; and roy:; stand for the CiHmOo and OH* consumption rates, respectively;
and where v;; and voy+; represent the stoichiometric coefficients for CaHmOoand OH®
at step j, respectively.

Thus, and to be able to calculate the total rate of OH* consumed, one should con-
sider the summation of all OH* depleted, at every photocatalytic step as follows:

_ _ Von*j
Ton'r = Tonj = v i (26)
ij

Hence, the QY calculation for overall reaction should be as shown in Equation (27).

i j Vou'
oY = Litowj _ = Viy - (27)
Pabs Pz:lbs &

5. Conclusions

(a) It was shown that an air-assisted spray coating technique is effective to coat a
N/Ag/TiO:z photocatalyst on a cylindrical stainless-steel woven wire mesh.

(b) It was demonstrated that a coated N/Ag/TiO: photocatalyst in a stainless-steel wo-
ven wire mesh in a Photo-CREC-Air unit is effective in decomposing methanol un-
der both near-UV and visible light.

(c) It was proven that a stainless-steel woven mesh immobilized N/Ag/TiO: at 2 wt.%
loading in the Photo-CREC-Air Reactor, provides a best photocatalytic activity with
60% methanol conversion and a best QY% of 35.08%, under the visible light during
180 min of irradiation time.

(d) It was proven that in contrast, a stainless-steel woven wire mesh immobilized
bare-TiO2 in a Photo-CREC-Air unit exhibits excellent photocatalytic activity under
near-UV light showing 100% methanol (25-90 pumol/L) decomposition within 3 h
and a greatest QY% of 117.9%. This photocatalyst is, however, essentially inactive
under visible light.

(e) It was shown that the band gap energy, the specific surface area, the external ag-
glomerate specific surface and surface acidity, are all critical importance for deter-
mining N/Ag/TiO:z photocatalyst performance under visible light.

Supplementary Materials: The following are available online at
www.mdpi.com/2073-4344/11/5/529/s1, Figure S1: GC parameters of the column separation meth-
od; Figure S2: Calibration Curves for (a) methanol (0-450 umol/L) and (b) COz (0-150 umol/L);
Figure S3: Typical Chromatograms for Methanol (CH:OH) and CO: Obtained from a GC-FID;
Figure S4: SEM images of (a) bare-TiO2 and (b) N/Ag/TiO:z photocatalysts. (c) EDX spectrum of
N/Ag/TiO2 photocatalyst. The inset table shows the compositional ratio of elemental O, Ti, Ag, N in
N/Ag/TiO2. (d) EDX mapping of elemental O, Ti, Ag and N in N/Ag/TiO:z photocatalyst; Figure S5:
Photoluminescence (PL) spectra of bare-TiO2 and N/Ag/TiO2 photocatalysts.
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Nomenclature

Symbols

Ag silver

C concentration mol L™

Co initial concentration mol L

@ concentration at t time mol L
CHsOH methanol

CO2 carbon dioxide

e electron

Eav average energy of photon J photon™
Eg energy band gap eV

h* positive hole

h height cm

H:0 water

HCHO formaldehyde

HCOOH  formic acid

N nitrogen

OH. hydroxyl radical

Oz oxygen

p rate of photon photon s
Pi rate of incident photons photon s
Pt rate of transmitted photons ~ photon s
Pes rate of back scattered photons photon s
Pabs rate of absorbed photons photon s
Q photon energy uW2 cm2
r reaction rate

t time min

TiO: titanium dioxide

z axial coordinate cm

Greek symbols

0 angle

v frequency of incident photon  v(A) =c/A
c speed of ligh 299 x 108 m s
A wavelength nm

h planck’s constant 6.63 x 103 ] s
Acronyms

BE Binding Energy
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BET
Cb
CREC
GC-FID
PCO
PL
QY
RH%
uv
VIS
Vb
SPR
SD
STP
TPD
XPS
XRD
Subscripts
abs
ads
bs

i

irr
max
min
trans
ref

Brunauer-Emmett-Teller

Conduction Band

Chemical Reactor Engineering Centre
Gas Chromatograph-Flame Ionization Detector
Photocatalytic Oxidation
Photoluminescence

Quantum Yield

Relative Humidity %

Ultraviolet

Visible

Valence band

Surface Plasmon Resonance

Standard Deviation

Standard Temperature and Pressure
Temperature-Programmed Desorption
X-ray Photoelectron Spectroscopy
X-ray Diffraction

absorption
adsorption
back scattered
incident
irradiation
maximum
minimum
transmitted
reflected

Appendix A. Near-Ultraviolet (UV) and Visible Light Spectra

Figure Al represents the spectrum for the near-UV light and the visible light from
300 to 800 nm range.
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1.8 -

Spectral intensity (uWcm'/nm)

0.2+
0.0 i Y ag Al

1.6
1.4
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0.8
0.6

0.4+

Near-UV light
Visible light

T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure A1. Spectral intensity of near-UV and visible light lamps measured by a Stellarnet Spec-
trometer (EPP3000, 200-1100 nm wavelength range).
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Appendix B. Relative Humidity Analysis in the Photo-CREC Air Reactor (PCAR)

A calibration was performed in the PCAR to quantify the relative humidity (RH) of
air streams. The RH is an important parameter to be considered to determine whether the
water vapor in the PCAR has an effect on the photocatalytic activity. The RH data were
taken with a hygrometer (Mengshen digital humidity meter) at different known water
concentrations. The hygrometer operates from 0 to 100% RH and —20 to 80 °C range, re-
spectively. Furthermore, its humidity accuracy is +3% RH and the resolution falls into
0.01% RH or 0.01 °C.

Figure A2 shows a pinkish-shaded band which represents the operational relative
humidity range, 35% to 46%. This range agrees with the reported experimental data of 25,
45 and 90 mmol represented with the green, blue, and yellow color cross marks. Thus,
these results are in line with claims from others [62-64] showing that keeping air relative
humidity in the 20-50% range results in a lack of influence of humidity on photocatalytic
activity. Therefore, under the proposed conditions, one can process a VOC air contami-
nated stream with a 30-50% RH. This is the recommended RH for indoor environments
for air quality [65,66].

o Calibration Data Experimental Data

y= 0.000148x + 8.529804 x 25 mmol % 45 mmol 90 mmol
R*=0.984436 B Operational Reactor Range

60
50

) T A —

RH %

30 — - 741””
20 L

10 e

B L e :
0 50000 100000 150000 200000 250000 300000

GC-TCD Area

Figure A2. Calibration curve and operational range (pink band) representing relative humidity
(RH%) for all measurements developed in Photo-CREC-Air Reactor at 39 + 0.5 °C.

Appendix C. Percentual Quantum Yield (QY%) Calculations

This provide an example %QY calculation for a 2 wt.% N/Ag/TiO: photocatalyst
coated on a mesh to degrade 90 umol/L of methanol under visible light irradiation for 120
min.

CH50H + 6HO*=> CO2+ 5H20 (A1)

dNyy.

I

abs

(A2)



Catalysts 2021, 11, 529

25 of 28

%QY
_1 umol 1 mol 23 Photon _ 1min
~ 6x4.2x107" 7—= X 55 L X 106 pimol X 6.02 X 10%° == X =5
3.95 x 101 2hoton (A3)
x 100

%QY = 35.08% (A4)

Appendix D. The X-ray Photoelectron Spectroscopy (XPS) Spectra of the N/Ag/TiO:
Photocatalysts

Figure A3a reports the XPS for both N/Ag/TiO: and bare-TiO: photocatalysts,
showing the Ag 3d and N 1s peaks for the N/Ag/TiO2 photocatalyst only, with these
peaks being absent for the bare-TiOz. Thus, the Ag 3d as well as N 1s signals confirm the
coexistence of Ag and N dopants in the photocatalyst.

(@)

1ol  N/Ag/TiO, e il

Intensity (a.u)

376 374 372 370 38 366 364/

~ Binding energy (eV) P
-

Binding energy (eV)

Figure A3. Shows the following: (a) Full scan XPS spectra of N/Ag/TiO2 and Bare-TiO2 photocata-
lysts and (b) high-resolution XPS spectra of Ag 3d.

Regarding Ag 3d peak intensity and peak separation as reported in Figure A3b, this
is in good agreement with the finding of others such as Zielinska et al., (2010), Albiter et
al., (2015), Fahmy et al., (2017), and Rolim et al., (2020) [53,67-69].

Thus, on this basis one can consider: (a) N incorporated in the TiO: lattice, (b) since
the 115 pm Ag* ionic radius is larger than the 60.5 pm Ti* it can be argued that Ag* is not
incorporated into the bare-TiO: lattice but deposited on the bare-TiO: surface [70].
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