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Abstract:

CO: photoreduction with water to obtain solar fuelorme of the most innovative and
sustainable processes to harvest light energy amekct it into hydrocarbons. Although
photocatalytically active materials and photoreectbave been developed for this
purpose, lack of standardisation in testing coodgimakes the assessment of process
parameters and the comparison of material perfocsarchallenge. Therefore, this paper
iIs aimed at investigating the effect of €@hotoreduction parameters irradiance and
reaction time on production of methane from twotphatalytic rigs. This was pursued
through a design of experiments (DOE) approachchvlassessed the influence of
experimental conditions between different setumsng)low irradiance (40 — 60 W),
reaction time and temperature significantly affdctmethane production, with a
maximum production of 28.50mol-geai* (40 Wm2, 4 h). When using high irradiance
(60 — 2400 Wm™®), only irradiance was found to significantly affesethane production,
with a maximum production of 1.9010% umol-geai® (1240 Wm™2, 2 h). Considering
proposed reaction mechanism for £@hotoreduction, this paper highlights that
experimental results give different yet complemgntaformation on the two most

important steps of the process, i.e. photoexcitadiod surface chemical reaction.
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1 Introduction

Photoreduction is one of the most innovative, emmmentally sustainable and promising
technologies to convert carbon dioxide (@to hydrocarbons using water as a reducing
agent and light as primary energy input [1, 2].088 have been placed on researching
how to improve the effectiveness of this process3[14]. For example, photocatalysts
modification is one of the pursued strategies, wlsaveral semi-conductors have been
investigated, including CdS [5-7], ZnO [8-9], Zr{a0], WGOs [11], SrTiGs [12], although
TiO2 remains the most investigated and promising natgrB8-15]. Another strategy to
increase photoactivity is materials modificatiommned at suppressing electron-hole
recombination, which can be pursued in several wass of co-catalyst [16-19], metal
doping [20], graphene encapsulation [21]; but ohthe most promising options is the
introduction of surface plasmonic resonance pagidll-24]. Material engineering
aside, reactor design and catalytic conditionsG@x photoreduction still need to be
further investigated and standardised to compatemals photoactivity significantly. A
wide variety of photocatalytic reactors has be@ored [25, 26, 27], but due to a lack in
standardisation in experimental procedures, reaatdgimes and data collection and
processing, it is difficult to compare results repd from different systems. Recently,
gas phase systems have been preferred to liquskpgbavercome limitations by photon
and mass transfer [27, 28, 29], focusing on gaselsystems operating at room
temperature and atmospheric pressure [30-32]. éntestudy reported that when reagents
are in gas phase, G@ndergoes deoxygenation faster than hydrogenaitigoroving
selectivity to methane (CH which is the most desired solar fuel, due thigh hydrogen

to carbon ratio [28].

In the field of CQ photoreduction, general catalysis parameters ¢atglyst amount,
reaction time, reagents concentrations) have beessiigated [33-35], whilst photons
irradiation, which represents the primary energyirhave not been thoroughly studied
yet. Materials light harvesting considerably aféestirface activation and, consequently,
the number of active sites to catalyse -C@hotoreduction [36]. In the case of
photooxidation reactions, correlation between pheiaput and reaction rate varies with

photons flux, indicating different activation mealsms [37]. However, to the best of the



authors’ knowledge, photons input effect onxg@otoreduction with water has not been
investigated yet.

In this paper, the authors investigate the effdcteaction time and irradiance on
conversion. The choice of these parameters isaltleetr correlation to photons input in
the catalytic system, which is the energy sourcth@fwhole process [38]. To provide a
rational approach to understanding the effect ef¢hparameters on @hotoreduction
into methane, a Design of Experiments (DOE) wasleyeg for the first time for two
different reactor designs. DOE is a powerful tdohttallows for generating highly
efficient systematic experimental designs that banused to screen and optimise
parameters on selected responses [39-41]. Thetoigjeaf DOE is to fit a function
including only statistically significant parametéosa response. The systematic treatment
of the data employed here allows for parameteesliance and reaction time to be
compared for the two studied different reactor eyyst on the responses to methane
production. This study highlights how reactor dasemnd experimental conditions can

affect selectivity and conversion in @@hotoreduction.

2 Experimental

2.1 Materials synthesis

Titanium dioxide was prepared by the precipitativethod [28]. A 1.2 M titanyl sulphate
solution (TIOSQ@XxH20-yH>SQy, Ti assay > 29 % Sigma Aldrich) and a 9.0 M NaOH
solution (assay > 97% Carlo Erba) were dropped Isimeously to 200 mL of distilled
water under vigorous stirring, maintaining pH nautihe Ti(OH) suspension was then
aged at 60 °C for 20 h, filtered and washed wistiltkd water to remove the sulphate
ions, as verified by the barium chloride test [A®et Ti(OH) was dried at 110 °C for 18
h and finally calcined at 400 °C for 4 h in ainfldo obtain TiQ.

To introduce gold nanoparticles, the depositioneipitation (DP) method was used
since it allows to obtain small gold nanopartic[d8, 44]. Titanium dioxide was
suspended in an aqueous solution of HAWBELRO for 3 h, maintaining pH at 8.6 by the
addition of 0.5 M NaOH. Gold loading was 0.2 wt. &, confirmed by flame atomic
absorption spectrometry (FAAS). After filtratiolegt sample was washed from chlorides
with distilled water, as verified by the silver naite test [45]. The wet catalyst was dried
at 35 °C for 18 h and finally calcined in air fohlat 400 °C.

2.2 Characterization of the photocatalysts
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N2> adsorption—desorption isotherms at 196 °C werefopeed using a
MICROMERITICS ASAP 2000 analyser to obtain informaton the porous texture. All
samples were previously outgassed at 200 °C for Zhe mesoporous volume was
measured as the adsorbed amount pafter capillary condensation. The surface area
was evaluated using the standard BET [46] equati@hthe pore size distribution was
obtained using the BJH method applied to the isatheesorption branch [47].

X-ray diffraction (XRD) analyses were conductechgsa Bruker Nonius X8-Apex2 CCD
diffractometer with an Oxford Cryosystems Cryostnegoutinely running at 100K
(copper anode; operating conditions, 40 kV and 40 and a Si(Li) solid state detector
(Sol-X) set to discriminate the Cuakradiation. Apertures of divergence, receiving and
detector slits were 2.0 mm, 2.0 mm, and 0.2 mnpeesvely. Data scans were performed
in the D range 5°-80° with 0.02° step size and countingesiraf 3 s/step. The actual
amount of copper and gold loaded in the promotedlysts was determined by flame
atomic absorption spectroscopy (FAAS) using a Pé&ilkner Analyst 100.

The UV-adsorption and bandgap of the coated gladesswere characterized by a
UV/Vis spectrometer (Perkin Elmer lambda 950) epgagpwith a 150 mm integration
sphere (Perkin EImer). The band gap energy (BGhefcatalysts were determined by
the intercept of a linear fit to the absorption@dgd calculated according to Equation 1:

BG=h -
2

Equation 1
where:h is Planck’s constant (6.62@3* m*kg-s), c is the speed of light (3.@° ms

1y and is the wavelength of adsorption.

2.3 Photoactivity tests at low irradiance

The catalytic apparatus used for the photoactieisys at low irradiance is similar to that
reported previously [28]. C{photoreduction was carried out in a borate glagsfiim
reactor (length 33 mm, height 18 mm, thickness 2)nifhe catalyst (10 mg) was
introduced by depositing a catalyst suspensionpropanol on the light-exposed side of

the reactor.



4 |JV light source

Catalyst coating

4 Thin film reactor

Figure 1 Film reactor in light blue showing catalyst loadadd the light source
housing and source purple.

The samples were illuminated using a 125 W mertiWA lamp (provided by Helios
Italquartz srl, emission range 315-400 nm shieloled special tubular quartz to select
the 366 nm wavelength). It was measured with atqhdiometer (Delta OHM
HD2102.2) that irradiance on illuminated surfacéhefreactor is the same on that behind
irradiation source: thus it is possible to statd the reactor walls do not adsorb light.
Before testing materials in both rigs, blank testse performed without either reagents,
or light or catalyst. In none of these cases, prtglformation was observed, indicating
that catalyst and reagents are stable in reactodittons and that also in all conditions
no photochemical reaction occurs and only the ptaaédytic process can be observed
and measured.

In performed tests, neither heating nor cooling wsed. UV lamp provides a stable and
constant temperature of 40 °C on the photocataltidace. Afterwards, a gaseous
mixture of CQ and HO was introduced into the reactor. Compressed (@099%) was
regulated by a mass flow controller, which wasiedrthrough a water bubbler kept at
40 °C to generate GQOand HO vapour mixture with a 0.07 28/CQ, molar ratio

according tdequation 2

(HZ Ovapour pressure)T’p ' COZfIOW

HzO flOW =

Pror — (HZ 0vapour pressure)T D

Equation 2



The reactor was sealed when the reagents raticovestant. This point was taken as the
beginning of the reaction. Therefore, the reactiwwas performed in static batch
conditions. A total of 9.2umol of C& and 0.7umol of O were present within the
sealed reactor.

The reaction products were analysed by a gas cliogmegph (HP G1540A) equipped
with a Porapak Q column with a TCD detector. Adyivesults are expressed in turn over
numbers (TONS) immol-geait, as commonly used in literature [48, 49]. Photoyidtd
(@) was calculated according to IUPAC recommendatiagghe ratio between required
electrons for C@reduction to Chl(which is considered equal to 8 times{idoduction)
and incident photons [38]:

required e = 8 - CH,(mol)

D (%) = 100

incident photons (Einstein)

Equation 3

8 CHy(mol) - Irr (W -m™2) -t (s) - A (m*) - A (m) - Ny(mol™") 10

® (%) = h(J-s)-c(m-s™1)

0

Equation 4

where: 8 is the number of required electrons for 0@duction to CH Irr is the
irradiance,t is reaction timeA is the illuminated area), radiation wavelengthy, is
Avogadro’s numberh is Planck’s constant andis speed of light.

DOE experimental conditions were established ferdtifferent tests to be carried out at
varying reaction times (4, 6 or 8 hours) and iraade values (40, 50 or 60-WV?) (see
Table 1). First four tests represent the cornentsaf the model, whereas the last three
are the centre points. Test at centre point cantitivas performed three times to test the
repeatability of the experimental conditions. Expental ranges for reaction time and

irradiance were chosen as centre point conditigesl for materials screening.



Table 1 DOE experimental conditions varied during low iiance tests.

Std. Order Time (h) Irradiance (Wn?) Photons (Einstein)
1 4 60 0.011
2 8 60 0.021
3 8 40 0.014
4 4 40 0.007
5 6 50 0.013
6 6 50 0.013
7 6 50 0.013

2.4 Photoactivity tests at high irradiance

High irradiance C@photoreduction with kD tests were performed in a cylindrical Pyrex
glass reactor (Figure 2), which consisted of twanéss steel lids (one of which was
equipped with a quartz window) and a cylindricatdxyvessel (diameter 5.5 cm, length
11 cm), which was sealed with O-rings four staislsteel rods secured with wing nuts.
The catalyst (20 mg) was suspended in 2-propanoil(land then deposited on a quartz
plate until complete evaporation, keeping the igpeged area equal to 12 ¢fwidth 2
cm, length 6 cm). The impregnated plate was dredhe hour at 110 °C to eliminate
completely any trace of dispersing agent.

Similar to the low irradiance reactor tests, aigdtr was used to introduce water vapour
in the gas inlet, monitoring temperature and pnesssing a thermocouple and a pressure
gauge, respectively. Irradiation was provided bypamiCure Series 2000 with a 365 nm
filter by Lumen Dynamics and irradiance was comgal by UV/Vis OmniCure
Radiometer. Reagents and products were detecteg asiyden Analytical Quadrupole
Mass Spectrometer (HPR-20 QIC) equipped with botfaeaday cup and secondary
electron multiplier detectors. For a quantitatimalgsis, before any photocatalytic tests,
calibration was performed using gas mixture (BO@ubtrial Gases) containing 100 ppm
of: hydrogen (H), oxygen (Q), methane (Ck), methanol (CHOH), ethane, (€Hs),
ethylene (GH4), acetaldehyde (G3€HO), ethanol (CECHOH) and CQ in a balance
of Argon.

Experimentally, before each test, the catalyst wma®duced into the reactor and let
overnight under a 1 mimin® helium flow to keep surface clean and avoid atrhesp
oxygen contamination. CG(99.999 % BOC Industrial Gases) was then introduoto

the reactor using a mass flow controller (8:min™) and was saturated with water vapour
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by means of a saturator at room temperature. Censglwater vapour pressure at room
temperature and CQlow rate, the HO/CGQ; ratio was equal to 0.5. Once the reactor was
filled with the reaction mixture at 1.5 bar, theactor was closed and the lamp was
switched on. For the DOE analysis, irradiance warsed between 60 and 2400 M7,
whilst reaction time ranged from one to three hdUieble 2). Blank tests were performed
as described for the low irradiance tests.

Catalyst coating
on glass slide

Batch photoreactor
UV light

source and
focuser

Figure 2 Batch reactor used for high irradiance experiments

Table 2 DOE experimental conditions varied during highadrance tests

Std. Order Time (h) Irradiance (Wn?) Photons (Einstein)

1 1 60 0.008
2 3 60 0.024
3 1 2400 0.316
4 3 2400 0.948
5 2 1200 0.316
6 2 1200 0.316
7 2 1200 0.316

2.5 Statistical analysis of results

For the statistical analysis of data from DOE ekpents, Minitab 17 Statistical Software

(2010) developed by Minitab, Inc. (PA, USA) [50] svased to create Pareto Charts and

assess statistically significant effects of irrade and reaction time on methane

production. Pareto charts of standardised effectd main effects are powerful

visualisation tools that summarise the resultheffull factorial designs visually. Pareto
8



charts of standardised effects indicate the sizdibt significant parameters as those that
are above the reference red line. For a parametee statistically significant, the null
hypothesis of the parameter’s co-efficient beingatdo zero is tested by comparing the
calculated ANOVAp-value with a significance test levelof 0.05. If thep-value is less
thana, the hypothesis that the co-efficient is equateco is rejected and deemed to be
statistically significant. The weight of the paraers is also indicated by the length of
the plotted bar. The main effects plot indicatespghrameters effect between its high and
low settings. The blue points (Corner point type)either side of the line are the mean
of the values recorded for the high and low sestinghere the blue line connects these
two points. A line with a steep slope indicates plaeameter has a strong effect on the
response. The red square indicates the mean dfetfiter points (Center point type),
where for this study three replicate points wendgemed. The grey dotted line indicates

the mean for all of the experiments.

3 Results and discussion

3.1 Materials characterisation

The synthesized Au-TiOphotocatalyst sample provided suitable surface latitte
properties for C@photoreduction, with similar values to those poergly reported in the
literature [9, 51, 53]. The Nphysisorption isotherm (Figure S1) showed thisdans
mesoporous and characterised by 12@nsurface area, with wide pore size distribution
between 5- 25 nm. The XRD spectrum (Figure S2) lcoied that the only titanium
dioxide crystal phase observed is anatase, whiteisnost suitable for photocatalysis,
due to its enhanced stability of electron-hole $8]. This experimental evidence is in
accordance with UV-Vis spectrum (Figure S3), in evhia strong adsorption was
observed at wavelengths lower than 388 nm, correipg to a band gap of 3.21 eV,
typical of anatase phase [54]. Moreover, UV-VIS cipen (Figure S3) shows an
absorption between 480 nm and 620 nm relative I gnoparticles surface plasmonic

resonance, which is correlated to a higher akiityeparate surface charges [55].

3.2 Comparison of photoreactor features

The comparison of data collected in the two différegs, even using the same benchmark
material, still represents a challenge [37, 56]wieer, there are sufficient similarities
that allow to compare the two systems, as repantd@ble 3.



Table 3 Comparison of the main features of low and higadiance rigs.

Film reactor Quartz plate reactor

Temperature (°C) 40 25
Pressure (bar) 1 15
Catalyst loading per reactor volume (gm 0.02 0.00014
Catalyst loading per illuminated area (g/m  0.001 0.003
H20/CQC, (VIV) 0.07 0.05
Irradiance (Wm?) 40-60 60-2400

It should be noted that in both cases the reagtigmerformed in a gas-solid system,
avoiding mixture issues [57]. Moreover, €13 in excess (FD/CC is 0.07 and 0.5 viv
in low and high irradiance rig, respectively) tmalhighly favourable water adsorption
and hydrogen production via water splitting, repdrin Equation 6 [31, 58].

2H,0 = 2H, + 0,
Equation 5
In other terms, the reagents ratio is far abovestbeehiometry; from previous studies, a
variation of CQ/H20 ratio in the range of 0.01 and 0.8, i.e. in laegeess of C&) does
not affect significantly obtained results [59, 60].

€O, + 2H,0 = CH, + 20,
Equation 6
Moreover, in both cases, tests were performed dtmatmospheric pressure. According
to the Langmuir-Hinshelwood type kinetic model ppspd by Tahir and Amin, pressure
effect on reaction rate can be considered negégibr low HO/CO, ratios [61].
Regarding temperature, there are some differemddsh might have a beneficial effect
on different phenomena, such as reaction kingtiesjucts desorption and mass transfer

[49]. Also the catalyst loading per reactor volumenot similar, affecting diffusion
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phenomena; however, preliminary studies excludiédsion limitations for both reactors
[28, 62].

From these considerations, there are fundamentalasities between the two rigs in
operative temperature, pressure, catalyst loadmugraagents ratio. Nonetheless, there
are still several differences in experimental patars, with the most substantial one
being irradiance, which is strictly connected toidient photons, which is the crucial

metric for this study.

3.3 Low irradiance DOE tests

For the low irradiance tests, a full factorial dgsivas used to evaluate reaction time (4
— 8 hours) and irradiance (40 — 60ri) as variables on the response ofs@kbduction,
expressed as methane turnover number (Table 4all lexperiments methane and
hydrogen were detected whilst CO, §HH and other hydrocarbons were not observed.
This product distribution could be explained by logkn being formed from the water
splitting reaction and methane by fast Gf@oxygenation and following hydrogenation
[28], which is the generally desired product inbmar dioxide photoreduction, due to its
high H/C ratio.

Table 4 Experimental points and responses used for fattori
design of the film reactor.

Std. Time Irradianc Photonic  Photonic
Order () e Methane Hydrogen yiaiq cH4  yield H2
(W-m?) (umole/g) (umole/g) (%) (%)

1 4 60 20,84 2,80 158E-02 2.13E-3
2 8 60 28,50 3,70 1,08E-2 1,40E-3
3 8 40 20,94 3,94 1,19E-2  2,24E-3
4 4 40 12,69 1,54 1,45E-2 1,74E-3
5 6 50 19,49 3,49 247E-02 4,416E-
6 6 50 17,34 2,62 2,19E-02  3,315E-
7 6 50 21,04 2,54 2,66E-02 3,214E-
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Results reported in Pareto charts (Figure 3) shandardised effects for both irradiance
and reaction time on methane production. Both {jpwe0.014) and irradiance € 0.014)
have a statistically significant effect on methgweductivity. No interaction effect
between the two variables was found, indicatingttinay are not dependent on each other.
The main effects plot (Figure 4) showed the strefiigct of reaction time and irradiance
on the production of methane. Equation 7 showslittear model that only includes

statistically significant terms (p<0.05).

CH, = —10.83 + (1.98 - Time) + (0.392 - Irradiance)
Equation 7

where:CH, is the yield of methane immol-geai®, Time is the reaction time in hours and

Irradiance is the reaction irradiance in W2,

Term 3182

| Factor MName
; A Time (h)
B Irradiance (W/mz)

0 1 2 3 4 5
Standardized Effect

Figure 3 Pareto Charts for reaction time and irradiance imethane production from
the low irradiance DOE tests. Response is methamgugtion inumolgear?, «=0.05.

12



Time (h) [ Irradiance (W/m?) ' —
25 —@— Corner

—@— Center

24

23-

22

214 _

204

| |

194

18-

17

16

Mean of Methane Production (umol/g)

4 6 8 40 50 60

Figure 4 Main effects plot of reaction time and irradianm@ methane production
results from low irradiance DOE tests.

The methane production is represented in a 3-Despaca function of irradiance and
reaction time (Figure 5), showing all experimergaints are in a plane with a 0.92 R
correlation value, confirming that methane produrtis linearly dependent on both
reaction time and irradiance and that these twarpaters are independent one to the
other on the final output.
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Figure5 3-D plot of methane production vs. time and ireadie.

Considering that incident photons are proportidadboth reaction time and irradiance,
the overall effect of photonic input on methanerfation was considered. Figure 6 shows
that methane production is linear with photons tnps assured by R value, regardless of

irradiance or reaction time.

30
Methane production (umol-g_,,; )=
1092.4-Photons(Einstein) + 5.8005
25 R=0.99

20

15

Methane production (umol-g.,; ')

10
0.005 0.010 0.015 0.020

Photons (Einstein)

Figure 6 Methane production as a function of photons irgidbw irradiance.

Therefore, at low irradiance methane productio©ly photoreduction can be enhanced
by increasing irradiance and/or lengthening readiime, opening to different strategies
to pursue this aim. This statistical result froniexded data has several implications that
explain the effect of photonic input on €@hotoreduction. The effect of irradiance
observed here is in agreement with previous work Hgrmann [37] regarding
photocatalytic oxidations. His work indicates tlat irradiances lower than a critical
value, products formation is proportional to phatarput, while higher irradiances might
affect recombination rate.

For a deeper understanding of this result, propoS€d photoreduction reaction
mechanism should be considered. Photons are elpégpressed in the first step of the
whole process, i.e. photocatalyst activatiba electrons promotion from valence band
(VB) to conduction band (CB).

14



TiO, + hv > h* + e~
Equation 8

If photons are considered as proper reactantipribcess, it is possible to state that, in
these conditions, catalyst photoexcitation is theting step of the whole process [28].
This means that, using low irradiances, it is guesto assess whether a material is
efficient in light harvesting or not.

In this field, this reported result is particularglevant because, up to now, irradiance
effect has not been thoroughly investigated for, @@otoreduction. At the best of
author’s knowledge, only Taet al.reported the effect of irradiance on methane fdiona

in CO; photoreduction with water [21] and observed thatlrane production increased
with irradiance (650 and 1800W?), a range that is significantly higher than valussd

in this work; however, increase in methane formmati@s not linear with irradiance and
a correlation between them was not reported nemgtted. Therefore, the work presented
here represents the first study that assesseffi¢ice @ irradiance on C&photoreduction

to methane.

Considering reaction time studies in this work, maee production linearly increases
with time in the investigated range and no sigaativity loss in methane production with
time was observed. In contrast, Bazzo and Urawaperted CQ photoreduction tests at
higher temperatures (80 °C and 150 °C) observing@ease in methane production for
relatively short reaction times (60 to 90 minutés)owing further deactivation [63].
Similar results were found also by Tah al. [64] and Anpo and co-workers [65].
Therefore, it is probable that the experimentattiea time range in this work covers a

time region where no (or little) deactivation ocur

3.4 High irradiance DOE tests
High irradiance tests were performed using a adtdrial design, where reaction time (1
— 3 h) and incident irradiance (60 — 2400m¥) were evaluated as variables on the

response of methane production (Table 5).
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The results, reported in Pareto charts (Figuresiipw standardised effects for both
irradiance and reaction time on methane productiteaction time g = 0.048) is a
statistically significant effect on methane prodlity. No interaction effect between the
two variables was found, indicating that they asedependent one to the other. The main
effects plot (Figure 8) showed the strong effecta#ction time on the production of
methane. Conversely, irradiance is much weakerctetiad statistically insignificant
(Figure 8). Equation 9 shows the linear model tmdy includes statistically significant
terms p<0.05):

CH,=-9.78 - 1072+ (0.126 - Time)

Equation 9

where:CH, is the yield of methane wmol-gcai* andTime is the reaction time in hours.

Table 5 Experimental points and responses used for faatori
design collected using quartz plate reactor.

Std. Time Irradiance Methane Hydrogen  Photonic yield Photonic yield

Order (h) (W-m?)  (umolgeai)  (umole/g) CH4 (%) H2 (%)
1 1 60 4.430° 1,30E-02 1,59E-03 1,83E-02
2 3 60 3.0510% 9,00E-01 3,30E-02 3,88E-01
3 1 2400 7.08.0?2 2,10E-01 2,15E-04 2,57E-03
4 3 2400 2.7401 8,00E-01 2,50E-03 2,91E-02
5 2 1240 6.64.02 1,90E-01 1,21E-03 1,39E-02
6 2 1240 1.9010% 5,70E-01 3,23E-04 3,88E-03
7 2 1240 1.720?2 6,00E-02 3,47E-03 3,99E-02

16



Term 3.182

1 Factor Name
: A Time (h)
B Irradiance (W/m?)

T

00 05 10 15 20 25 30 35
Standardized Effect

Figure 7 Pareto Charts from ANOVA analysis of results ftugh irradiance DOE
tests. Response is methane productigamolgeac®, a=0.05.

0.30- Time (h) Irradiance (w/m") Point Type
. —&— Corner
—m— Center

0.25-

0.20-

0.15-

0.10-

0.05-

Mean of Methane Production (umol/g)

0.00-

T T T

1 2 3 60 1230 2400

Figure 8 Main effects plot of reaction time and irradianme methane production
results from high irradiance DOE tests.

The trends observed for high irradiance are differieom those observed at low

irradiances, where both reaction time and irradkamere significant parameters. In fact,
17



in these reaction conditions, time effect on phatamput is consistently more significant
than irradiance, which is almost negligible witline investigated experimental range.
The small significance of irradiance on £idrmation can be explained considering that,
in this experimental range, a small fraction ofidlenit photons is able to activate all
available photocatalytic sites, and therefore rth@r increase in photonic input does not
provide an increase in methane formation.

The effect of irradiance on G@hotoreduction was reported only by Tan and cokexsr
[21] but a correlation between products formatiod &radiance has not been reported
yet, so some comparisons must be made with maablstted photooxidative processes.
For example, Vorontsov and Dubovitskaya reported éthanol photocatalytic oxidation
rate reached a steady state for high irradiancs, ot being a significant parameter for
the process [66]. This phenomenon was also obsdoretbluene and formaldehyde
oxidation by Strini and Schiavi [67] and Ching aswworkers [68], respectively. From
this comparison with available papers on photodiada, it is possible to sustain
proposed explanation for irradiance irrelevancéhase conditions, since they allow to
saturate photocatalytic surface with photons alyead

For a deeper understanding of this result, it is pmssible to consider, like in low
irradiance tests, Ti© photoexcitation and therefore, it should be assurntteat
photoactivation is not the limiting determining stef the overall process. The surface
chemical reaction has proven to be a particulaiffjcdlt step in the overall process. In
particular, as proposed by Tan et al., bindingp @@sorption on Ti@proved to be a
particularly delicate, especially on Ti(21].

t
€0, 55 €Oy qas Equation 10
cat .
€03 45 — Cpgs + 0, Equation 11
cat .
H,0 — H,;, + OH 4, Equation 12
" cat % 1 i
OH 45 — Hygs + /5 07 Equation 13
cat .
Coas + 4H g3 — CH y g4 Equation 14
cat .
CH, 4 — CHy Equation 15

Therefore, high irradiance conditions are suitablassess whether a material is effective

in surface catalytic C&reduction or not.
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Considering together results at low and high imade, it is possible to assess whether a
material is more efficient in photoexcitation orthe catalytic reaction itself. In the case
of considered material, i.e. Au/TiCcatalyst activation by photons is faster thamgeass
conversion to reagents. The coupling of low andhhigadiance tests allowed to assess
the strength of investigated material and suggestswo improve it, i.e. by enhancing
reagents interaction with the catalyst.

Conclusions

Assessing irradiance conditions is fundamentahtdesstand results from photocatalytic
CO. reduction. Photons represent the primary energepat and a change in this
parameter might have an effect on materials peidoce.

The different effect of photonic input was assedsedesign of experiments approach,
considering the experimental parameters affectingtgns input, i.e. irradiance and
reaction time. The effect of these variables provedbe different according to
experimental regimes. At low irradiance, where atefis not saturated with photons,
both reaction time and irradiance proved to infeeesignificantly methane production,
indicating that photoexcitation limits overall pess efficiency. On the contrary,
whereas, at high irradiance, due to photonic saturaf the surface, irradiance increase
does not affect photocatalytic performance, bulgoged time proved to be important to
increase methane yield, allowing to investigate Canhversion itself. Therefore, a single
irradiance condition is not sufficient to assessemals activity, but, to handle a more
comprehensive understanding of materials behavidors irradiance tests, which
indicate materials photoactivity, should be cougledigh irradiance one, show how

efficiently the catalyst interacts with reagents.
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