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Abstract

Small molecule contaminants, such as compounds from pharmaceuticals,
personal care products, and pesticides, persist through traditional
wastewater treatment processes. Heterogeneous photocatalysis with tran-
sition metal oxides (TMOs) is an emerging technology for removing these
recalcitrant contaminants from wastewater. To leverage this technology,
we selectively combined three different TMOs with bandgap energies in
different regions of the solar spectrum as a means of harvesting multiple
wavelengths of incident radiation to increase the degradation rate of
model and real contaminants. Specifically, we combined zincite (ZnO, ul-
traviolet active), hematite (a-Fe-Qs, visible active), and tenorite (CuO,
near-infrared active). The combination of tenorite and hematite (2:1 mass
ratio) was the most effective, degrading methyl orange with a rate constant
of 40+1E-03 min-1.

When applied to multicontaminant solutions using laboratory illumina-
tion, our multispectral photocatalyst degrades real-world contaminants,
methyl orange, carbamazepine, and nitrobenzene, with rate constants of
30+1E-03, 24+1E-03, and 6+1E-03 min-1, respectively. In addition, the
material degrades contaminants with a greater efficiency under outdoor
solar illumination, with Collector Area per Order values of 4.0, 6.1 and 14.5
kWh/order/ma3, for methyl orange, carbamazepine, and nitrobenzene, re-
spectively. These results demonstrate the effectiveness of this approach to
purify water for strategic applications.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

The reuse of wastewater, known as water recycling, has been employed for
several decades for nonpotable uses such as agricultural irrigation. In con-
trast, the reuse of wastewater for potable applications is a developing area
that requires higher levels of decontamination and purification than
standard wastewater treatment processes (U.S. Environmental Protection
Agency 2012). One particular challenge in potable water reuse is the re-
moval of trace amounts of pharmaceuticals, pesticides, and personal care
products (Ahmed et al. 2011; Glassmeyer et al. 2017). These contaminants
tend to be small, organic molecules that persist through conventional
wastewater treatment processes, thus meriting their identification as re-
calcitrant contaminants (Andreozzi et al. 2003; Le-Minh et al. 2010). Even
in trace amounts, these contaminants can negatively affect the environ-
ment, including aquatic life (Gorito et al. 2018; Jimenez et al. 2018), and
public health (Ternes 2004).

Heterogeneous photocatalysis, where catalyst and reactant are in different
phases, is an emerging technology for removing recalcitrant contaminants
from wastewater (Robert and Malato 2002; Kabra 2004; Gupta et al.
2012). The cascade of chemical reactions involved in semiconductor photo-
catalytic processes is initiated by the absorption of a photon, with energy at
or above the bandgap of the photocatalytic material, followed by excitation
of a valence-band electron to the conduction band of the semiconductor,
thereby generating an electron-hole pair (De Lasa et al. 2005). The elec-
tron-hole pair can migrate to the material surface, where it reacts with sur-
rounding water and dissolved oxygen to form reactive oxygen species. It is
these reactive oxygen species that participate in the redox reactions that
lead to the degradation of target contaminants (Nosaka and Nosaka 2013).

As a technology, heterogeneous photocatalysis has seen slow development
for industrial applications (Loeb et al. 2019) because of the challenges with
incorporating advanced materials into large scale operations. However,
heterogeneous photocatalysis remains promising for niche applications
(Kwon et al. 2008; Schneider et al. 2014), such as remote operations
(Ambrogi et al. 2019) where safety considerations drive the need to
accomplish 100% resuse of water. Largely, the technology’s limitations
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stem from low photoconversion efficiencies, which result from poor (visi-
ble) light absorption and high electron-hole recombination rates that pre-
vent their participation in surface chemical reactions. In short, for excita-
tion of electrons between the valence and conduction bands of the semi-
conductor to occur, the energy of the incident photon must at least match
the bandgap of the semiconductor (De Lasa et al. 2005). Thus, when a sin-
gle semiconductor is illuminated with a broad-spectrum light, with signifi-
cant spectral components below its bandgap, a large amount of the inci-
dent radiation is not utilized, resulting in low photoconversion efficiencies.

One approach to increase photoconversion efficiencies is to widen the ma-
terial’s absorption towards the visible region, where greater (solar) spectral
irradiance exists (Loeb et al. 2019). Previous studies have attempted many
methods to accomplish this (Yu et al. 2009; Kumar and Devi 2011; Yan et
al. 2011; Bloh et al. 2012; Ghosh Chaudhuri and Paria 2012; Heiligtag et al.
2014; Asenath-Smith et al. 2016; Méndez-Medrano et al. 2016; Nolan et al.
2016; Yin et al. 2016; Bora and Mewada 2017; Choi et al. 2017; Yan et al.
2017), by doping to shift the band gap and engineering composite-type
heterostructures to facilitate charge carrier lifetime. In addition, hierar-
chical structuring of materials has been shown to increase photocatalytic
activity (Asenath-Smith et al. 2015; Chen et al. 2018). These advanced ma-
terials show enticing structures and properties; however, most require
complicated synthesis procedures, which are difficult to commercialize.

Objectives

The goal of the Advanced Low Logistics Water (ALL-H-0) 6.2 work pack-
age was to achieve total water recycling for expeditionary military settings
to eliminate the need to resupply contingency bases with water. Task 6 of
the work package focused on the need to eliminate small-molecule con-
taminants from wastewater treatment streams so that toxic molecular
compounds and their byproducts would not persist and be concentrated by
continued reuse of a single water source (Ambrogi et al. 2019). Heteroge-
neous photocatalyst, as a final polishing step for treated water, could be a
viable option to achieve 100% reuse of water; but higher degradation effi-
ciencies are needed. To enhance contaminant degradation we sought to in-
crease the photocatalytic activity of transition metal oxide (TMO) photo-
catalysts for scenarios involving broad-spectrum solar radiation sources by
combining multiple TMOs with bandgap energies from different ranges of
the solar spectrum. To guide our study, we pursued the hypothesis that
photocatalytic activity of TMO materials could be enhanced by combining
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TMOs with different bandgap energies to simultaneously harvest multiple
wavelengths of light.

Approach

In this work, we report on combinations of three different TMOs with
three different band gap energies as a means to harvest multiple wave-
lengths of incident radiation and to increase the degradation efficiency of
small molecule contaminants under broad-spectrum solar illumination.
We deliberately selected nontoxic, earth-abundant materials and used
low-temperature solution-based synthesis methods (Mufoz-Espi et al.
2007; Vaseem et al. 2008; Lee et al. 2013; Frandsen et al. 2014) to lessen
the environmental impact of the photocatalytic reactor. Lastly, we chose to
target materials that were 100 nm or larger in an effort to facilitate amena-
bility to filtration in future applications in water treatment trains. Specifi-
cally, we report on the combination of three photocatalysts: ultraviolet A
(UVA) active zincite (zinc oxide), ZnO (Lu et al. 2008; Ma et al. 2011); visi-
ble active hematite (iron oxide), a-Fe-O3 (Zhou and Wong 2008; Cha et al.
2011); and near-infrared active tenorite (copper oxide), CuO (Li et al. 2011;
Shaabani et al. 2014). By combining these photocatalytic materials, we
achieved degradation rates that exceeded the sum of the individual photo-
catalysts, implying that there is a synergistic interaction between the vari-
ous photocatalysts related to their associated reactive oxygen species. This
synergy between these photocatalysts allowed for effective degradation of
model contaminants methyl orange (MO), carbamazepine (CM), and ni-
trobenzene (NB).
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Experimental

Materials

All reagents were used as received without further purification:

e zinc nitrate hexahydrate (purum p.a. crystallized, >99.0%, Sigma Aldrich)

e hexamethylenetetramine (ACS Reagent, >99.0%, Sigma Aldrich)

e iron(III) chloride hexahydrate (puriss. p.a., Reag. Ph. Eur., >299%,
Sigma Aldrich)

e sodium phosphate monobasic dihydrate (purum p.a., crystallized,
>99.0%, Sigma Aldrich)

e copper(II) nitrate trihydrate (purum p.a. 98%—103%, Sigma Aldrich)

e sodium hydroxide (Certified ACS Reagent, Fisher Scientific)

e hydrogen peroxide (30%, Fisher Scientific)

e MO (Reag, Ph. Eur., Sigma Aldrich)

e CM (98%, Alfa Aesar)

e NB (ACS Reagent Grade, >99%, Sigma Aldrich)

e titanium dioxide (TiO-; P25, Sigma-Aldrich).

All solutions were made using 12 MQ" MilliQ water.

Photocatalyst synthesis
2.2.1 Zinc oxide

Zinc oxide (ZnO) particles were synthesized hydrothermally in aqueous so-
lution according to procedures described in Muiioz-Espi et al. 2007. In a
typical synthesis, 95 mL of 0.016 M zinc nitrate hexahydrate was stirred
and heated to 100°C. Hexamethylenetetramine (0.210 g of 0.00150 mol)
was dissolved in 5 mL of water and added to the reaction mixture. The reac-
tion mixture was heated while stirring for 90 min and then cooled and fil-
tered (high purity, fine grade, ashless filter, Whatman) under vacuum with
a Buchner funnel to collect precipitated ZnO particles. ZnO particles were
washed with water (2x) and ethanol (1x) and then dried under vacuum.

* For a full list of the spelled-out forms of the units of measure used in this document, please refer to
U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S Government Publishing
Office, 2016), 248-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMAN-

UAL-2016.pdf.
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2.2.2 Iron oxide

Spindle-type hematite (a-Fe20s) particles were prepared as described by
Fransden et al. (2014). Iron(III) chloride hexahydrate (1.08 g of 0.020 M)
was dissolved in a solution of monosodium phosphate (200 mL of

0.0 mM). The solution was placed in a screw-top glass media bottle and
aged at 100°C for 2 weeks in a laboratory oven. Following aging, the solu-
tion was cooled, and then precipitated a-Fe>O3 particles were collected via
vacuum filtration using a track-etched membrane (Nucleopore, 0.2 um,
Whatman) over a Buchner funnel. Particles were washed with water and
ethanol, then dried under vacuum.

2.2.3 Copper oxide

Copper oxide (CuO) particles were synthesized hydrothermally in aqueous
solution using procedures previously reported in Vaseem (2008) and Li et
al. (2011). In a typical synthesis, 50 mL of 0.1 M copper nitrate trihydrate
were combined with 50 mL of 0.1 M hexamethylenetetramine and stirred
while heating to 100°C. Once heated, 8 mL of 1 M NaOH were added to the
reaction mixture; heating was continued for an additional 90 min. After
cooling at room temperature, the precipitated CuO particles were collected
via vacuum filtration, as described for ZnO above, rinsed with water (2x)
and ethanol (1x), and dried under vacuum.

Photocatalyst materials characterization

The TMO photocatalyst samples were dispersed in ethanol and drop-cast
onto silicon wafers for imaging in a scanning electron microscope (Model
630, FEI, USA), which was operating at 5 kV and a pressure of 0.1—

0.5 mbar. The specific surface area of the TMO materials was measured by
nitrogen adsorption with a NOVAtouch Surface Area and Pore Size Ana-
lyzer (Quantachrome Instruments, USA) operating at 350.5°C. Samples
were degassed under vacuum at 300°C for 180 min before measurement.
Powder X-ray diffraction was performed with an X’pert PRO diffractome-
ter (Malvern PANalytical, UK) equipped with a cobalt source running at 45
kV and 40 mA. The bandgap of the TMO materials was determined from
the Tauc plots of the Kubelka-Munk functions of diffuse reflectance spec-
tra collected with a fiber spectrometer (Flame-S-UV-VIS-ES, Ocean Op-
tics, USA). Diffuse reflectance spectra were collected from compacted
TMO powders using a reflection probe (QR-400-7-SR, Ocean Optics,
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USA). A balanced deuterium tungsten lamp (DH-2000-BAL, Ocean Op-
tics, USA) was used as the broadband illumination source.

Illumination system

A broad-spectrum illumination system based on two tungsten-halogen
lamps (ASI Illuminator, 50 W each) was used to supply light to the photo-
catalytic experiments. The illuminators were placed on tripods and
pointed at a stir plate on which a glass jacketed beaker was placed. The
lamps were positioned 35 cm above the stir plate and 30 cm apart from
each other. Lamps were angled such that beams were directed at the cen-
ter of the stir plate and were allowed to warm up for at least 5 min before
each reaction. Figure 1 shows a diagram of the photocatalytic illumination
setup. The incident spectral irradiance of the laboratory illumination sys-
tem and of the outdoor solar irradiance present during outdoor experi-
ments was measured with a calibrated spectroradiometer (Model HR-
1024i, range 340—2500 nm, Spectra Vista Corp., USA) and a calibrated
diffuse reflectance target (Spectralon, Labsphere, USA). Asenath-Smith et
al. (2019) previously detailed characterization of the incident irradiation of
the illumination system.

Figure 1. Laboratory illumination setup.

¥y — Tungsten-Halogen Lamps

Quartz Disk

Jacketed Beaker

Stir Plate

Water Bath
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Photocatalytic reactions

In a typical photocatalytic reaction with a single contaminant (MO) and sin-
gle photocatalyst, an aqueous solution (40 mL of 25 mM) was placed in a
glass jacketed beaker. Then 30 mg of the photocatalyst was added to the so-
lution. A quartz disk was placed on top of the beaker. Water from a water
bath maintained at 20°C was pumped through the cooling layer of the
beaker. The mixture of photocatalyst and contaminant was stirred in the
dark for 15 min (protected from any light exposure), after which time a 1.5
mL aliquot was withdrawn (¢ = 0 min point). Then 100 puL of hydrogen per-
oxide was immediately added, and the beaker was illuminated. Aliquots (1.5
mL) were taken every 15 min for 1 hr (4 aliquots) for analysis by ultraviolet—
visible (UV-Vis) spectroscopy and high performance liquid chromatog-
raphy—mass spectrometry (HPLC-MS). Aliquots were filtered through 0.20
um filters (Millex PTFE [polytetrafluoroethylene]) to remove the photocata-
lyst and then placed in a quartz cuvette (for UV-Vis analysis) or vial (for
HPLC-MS). Experiments with multispectral material A (MSM-A) used 15 mg
a-Fe>03 and 7.5 mg CuO. Experiments with multispectral material B (MSM-
B) used 15 mg a-Fe-03 and 7.5 mg of each CuO and ZnO. Multicontaminant
experiments utilized 40 mL of a solution of MO (25 uM), CM (25 uM), and
NB (50 uM). Multispectral material and multicontaminant experiments used
the same illumination and sampling procedures as single contaminant, sin-
gle photocatalyst experiments. All experiments were carried out in triplicate.

Chemical analysis

A Genesys 10S UV-Vis spectrophotometer (ThermoFisher, USA) was used
for spectroscopic analysis. Samples in 1 x 1 x 4.5 cm quartz cuvettes were
scanned from 650 to 200 nm at an interval of 1 nm. Mixtures of contami-
nants and reagents were analyzed with HPLC-MS (Accela, ThermoFisher,
USA) equipped with a C18 column (Zorbax Eclipse Plus 4.5 x 150 mm,

5 um) with electrospray ionization. The methodology for HPLC was as fol-
lows: 70/30 aqueous 10 mM ammonium acetate / acetonitrile for 3
minutes, ramping from 70/30 to 50/50 ammonium acetate / acetonitrile
from minute 3 to 7, and holding at that concentration from minute 7 to 12.
The flow rate was 600 pul,/min. Peaks were fit to Gaussian distributions and
integrated to find peak areas; relative concentrations were calculated by the
ratio of initial to final peak areas. For MS analysis, the probe voltage was 3
kV, the cone voltage was 75 V, the N2 flow rate was 12 L./min, and the nebu-
lizing gas pressure was 75 psi. The electrospray ionization probe oscillated
between negative and positive ion mode every 1 sec.
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Results and Discussion

Overview of photocatalyst properties

We used a variety of methods to rigorously characterized the photocatalysts
used in this study (reported elsewhere reference pending).” Table 1 briefly
summarizes the photocatalyst properties. Wavelengths listed refer to the
wavelengths of light corresponding to the material band gaps, which were
obtained using diffuse reflectance spectroscopy. The specific surface area of
the photocatalyst particles was obtained using nitrogen adsorption by the
Brunauer-Emmett-Teller (BET) method, and the particle dimensions were
obtained using scanning electron microscopy. To facilitate the transition of
this bench-scale research to applications, we specifically targeted materials
that (1) were made from earth-abundant elements (such as iron, copper,
and zinc) and (2) were made to be greater than 100 nm in size. TiO: is the
most widely used photocatalyst in commercial applications, so we used
P25, a commercially available formulation of TiO-, as a control. Note that
the size of the P25 particles listed in Table 1 was determined with laser scat-
tering analysis rather than scanning electron microscopy. See Section 2.3
for details of the photocatalyst characterization experiment.

Table 1. Materials properties of photocatalysts.

Specific Surface Particle
Wavelength Area Length
Photocatalyst (nm) (m2/g) (um)
Zinc oxide (Zn0) 388 3.37 22+04
Hematite (a-Fe203) 590 26.32 0.3+0.1
Copper oxide (CuO) 729 5.94 1.5+0.2
Titanium dioxide, P25 (TiO2) 376 53.66 6.1+0.1

Asenath-Smith et al. (2019) rigorously characterized the illumination sys-
tem. The tungsten-halogen illumination system provided broad-spectrum
irradiation that included the wavelengths corresponding to the bandgaps
of all three target solutions. As shown in Figure 2, the greatest irradiance
is present at the relevant wavelength for CuO, and very little irradiance is
present at the relevant wavelengths for ZnO and TiO.. Tungsten-halogen
illumination was selected both for its output of irradiance at the relevant
wavelengths for all three photocatalysts and, as a black body illuminator,

* E. Asenath-Smith, E. K. Ambrogi, E. Barnes, and J. A. Brame, “Colloidal Fe203 with enhanced photocata-
Iytic activity achieved by reactive oxygen species pairing with CuO” (unpublished manuscript, U.S. Army
Engineer Research and Development Center, Hanover, NH, 2020), Microsoft Word file.
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its similarity in distribution to solar irradiance (Figure 2). Therefore, tung-
sten-halogen illumination was an ideal light source to study our materials’
suitability for both artificially lit systems and solar-light harvesting.

Figure 2. Spectral irradiance of a tungsten-halogen illumination system
and outdoor solar irradiance.
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Degradation of methyl orange by individual photocatalysts and
multispectral materials

We evaluated the performance of each individual photocatalyst by first
studying the degradation of MO. Each photocatalytic experiment had

100 pL of 30% hydrogen peroxide solution added to it at illumination time
zero. Each photocatalytic experiment followed pseudo-first-order degrada-
tion kinetics, meaning that the natural log of concentration values versus
time was linear in nature, where the rate constant k is the slope of this line.
Figure 3 shows the pseudo-first-order kinetics for the individual photo-
catalysts, where a-Fe.O3; showed the fastest degradation, followed by CuO,
P25, and ZnO. The low MO degradation rates for ZnO and P25 (k= 1.6
0.1 E-03 and 2.3 + 0.1 E-03, respectively) correspond to relatively low irra-
diance of the tungsten-halogen illumination system at UVA wavelengths,
which correspond to the bandgaps of these materials. The a-Fe.O3 outper-
formed CuO despite more light intensity being present at the relevant
wavelengths for CuO. However, the a-Fe-Oj3 particles have approximately
5 times greater surface area than the CuO particles.
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Figure 3. Degradation of methyl orange with individual and
multispectral photocatalysts under tungsten-halogen illumination.
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This study also evaluated two mixtures of photocatalysts with the degrada-
tion of MO under tungsten-halogen illumination. MSM-A contained 15 mg
a-Fe203 and 7.5 mg CuO, a 2:1 mass ratio of a-Fe-03 to CuO. MSM-B con-
tained 7.5 mg ZnO, 15 mg a-Fe»03, and 7.5 mg CuO, a 1:2:1 ratio of ZnO to
a-Fe205 to CuO. The rate constant of MSM-A was twice that of MSM-B de-
spite less photocatalytic material being present in the same amount of so-
lution. In addition, the rate constants for both multispectral materials
were greater than the sum of the rate constants for their individual photo-
catalyst components. This apparent synergy between photocatalytic mate-
rials, and especially between a-Fe-O3 and CuO, was found to be a result of
the common hydroxyl radical reactive oxygen species that a-Fe-O3and
CuO share. Table 2 shows the rate constants, k, for the reactions with indi-
vidual and multispectral photocatalysts. Because MSM-A showed the
greatest degradation rate for MO, we chose it as the material composition
to test with a more complicated, multicontaminant system that might be
encountered in real wastewater treatment scenarios.
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Table 2. Pseudo-first-order rate constants for
degradation of methyl orange with individual
photocatalysts and multispectral materials.

Photocatalyst Rate Constant A (min-1)
TiO2 2.3+ 0.1E-03
Zn0 1.6+ 0.1E-03

o-Fe20s 9.6 +0.1E-03
Cu0 3.4 +0.2E-03

MSM-A 40 + 1E-03

MSM-B 20 + 1E-03

Degradation of multicontaminant mixtures by multispectral
materials under laboratory illumination

MSM-A was used to degrade a mixture of three contaminants: MO, used in
test studies described above; CM, a pharmaceutical and well known recalci-
trant contaminant (Benotti et al. 2009; Malchi et al. 2014); and NB, an in-
dustrial chemical and contaminant of emerging concern (Richardson and
Ternes 2011). The concentrations of MO, CM, and NB in the mixture were
25, 25, and 50 uM, respectively. Ambrogi et al. (2019) previously evaluated
these same contaminants in a wide range of advanced oxidation processes.

Figure 4a shows the pseudo-first-order degradation kinetics of the con-
taminant mixture, and Table 3 lists the rate constants. When MSM-A was
used to degrade this multicontaminant mixture, the degradation rate for
MO was slightly lower than when MSM-A was used to degrade MO alone
(0.030 + 0.001 min-!versus 0.040 + 0.001 min-!, respectively). The deg-
radation rate for CM in the multicontaminant system was 0.024 + 0.001
min-, close to the degradation rate of MO. Interestingly, the degradation
rate for NB was 4—5 times lower, 0.006 + 0.001 min-. This slower degra-
dation rate for NB is consistent with results for NB degraded in contami-
nant mixtures with other advanced oxidation processes. For example,
when the same contaminant mixture was degraded with commercial TiO-,
MO had a degradation rate of 0.023 min-*while NB had a k of 0.0068
min-! (Ambrogi et al. 2019). Although NB initially degraded slowly in the
contaminant mixture, the concentration profile (Figure 4b) for extended
experiment times (1—2 hr) shows that NB disappears more quickly after 30
min, when more than 50% of the CM and MO have been degraded.
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Figure 4. Degradation of the three-contaminant mixture with multispectral material under
tungsten-halogen illumination.
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Table 3. Pseudo-first-order rate constants for
contaminants degraded with MSM-A.

Contaminant Rate Constant A(min=1)
Methyl Orange (MO) 0.030 +£ 0.001
Carbamazepine (CM) 0.024 + 0.001
Nitrobenzene (NB) 0.006 + 0.001

Observed degradation products of contaminants

We studied the degradation of the contaminant mixture by HPLC-MS to
identify degradation byproducts of the contaminants. The chromatograms
revealed three unique degradation products of MO (Figure 5). These struc-
tures were identified based on mass spectra (see Appendix A) and infor-
mation from Chen et al. (2008). Samples of MO degraded with each of the
individual photocatalysts were analyzed after 30 min. Respective chroma-
tograms for MO photodegradation by ZnO, a-Fe203, and CuO are shown in
Figure 6a, b, and c. Figure 6a, b, and c shows 15%, 65%, and 25% degrada-
tion of MO after 30 min, respectively. Despite the different amounts of
degradation, all three reactions show only product B.

Figure 7 shows the MO degradation by MSM-A and MSM-B analyzed with
HPLC-MS. Figure 7a shows the degradation with MSM-A after 10 min,
which corresponds to 65% methyl orange degradation. Figure 7b shows
the degradation with MSM-B after 30 min, which corresponds to 55% MO
degradation. Notably, products A, B, and C are all detected in the spectra
depicting MO degradation with MSM-A (the CuO-Fe>O3 mixture); but only
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product B is observed when MO is degraded with MSM-B. This indicates
the unique mechanism of photocatalyst synergy present in MSM-A that re-
sults in the enhanced degradation rate. It is notable that both products A
and B correspond to the addition of hydroxyl radicals to MO, while prod-
uct B is the result of the removal of a methyl group. Products A and C be-
ing observed as a result of the synergistic material indicates that the degra-
dation mechanism is driven primarily by hydroxyl radicals, a result con-
firmed by other investigations.”

We also used HPLC-MS to detect the byproducts observed during degra-
dation of the contaminant mixture and to confirm complete removal of the
contaminants by the multispectral material. Figure 8 shows the contami-
nants and byproducts labeled on the chromatograms. CM, MO, and their
byproducts were degraded from the solution by 180 min of reaction time.
At 240 minutes of reaction time, more than 90% of the NB was removed
from the solution.

Figure 5. Observed degradation products of methyl orange.
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Figure 6. Methyl orange degradation products observed with (g) ZnO,
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Figure 7. Methyl orange degradation products observed with (&)
MSM-A and (b) MSM-B.

(@)

Absorbance (UAU)

P
o
T

Absorbance (uAU)

20000
10 Methyl Orange
T10 (miz 304)
12000 |ﬂ
10000 /
Product B |
m/z 290 |‘
5000 A M
| Product ¢ [ ProddA
(| miz306 k
0 I T T T T T
4 5 [ T 8 9
Retention Time (min)
20000
To Methyl Orange
15000 4 ||
10000 4 \
Product B i
m/z 290 '\
5000 f |
I |
I }.'
I I
L J
0 T T T

Retention Time (min)

Figure 8. HPLC-MS chromatograph of multicontaminant
degradation with multispectral material.
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3.5

Table 4 lists the peaks observed in the degradation of the multicontaminant
mixture. Interestingly, when the contaminant mixture was degraded with
MSM-A, we observed only one MO product, product B. However, we ob-
served two CM products, both of which correspond to a hydroxyl radical
addition to CM. Because of the limitations of the HPLC-MS detector, it is
not possible to distinguish the exact structures of the byproducts; however,
there are three possible sites for a hydroxyl radical addition on the CM mol-
ecule (Jelic et al. 2013) (Table 4). The NB byproducts were also not able to
be identified, but phenol is a possible product suggested by Li et al. (2006).

Table 4. Chromatographic peaks observed in the degradation of the
three-contaminant mixture.

Retention
Name Time (min) | m/z | Mode Structures
Parent 7.6 304 | -ve o
Compound \ON:NOB—O@
MO
Product B 4.2 290 | -ve H o
-O—CO+
/ u
Parent 9.5 237 | +ve -
Compound
N
CM 07 N,
Product A 6.1 253 | +ve
Product B 1.7 253 | +ve = on > —
O™ o 3D o LD
07 NH, o)\NHZ o)\NHZ o
Parent 11.8 N/A | N/A
Compound NO,
NB
Products 10.4 N/A | N/A
NO,
S e
Hi

Multispectral material as a solar-light-driven photocatalyst

Given the effectiveness of our multispectral materials in a laboratory sys-
tem, we tested them outside under solar illumination to verify our hypoth-
esis that these materials would be suitable for photodegradation reactions
under solar illumination. We identified 21 June, the summer solstice, as an
ideal time for outdoor testing and carried out the testing in a flat open area
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outside in Hanover, New Hampshire. Figure 9 shows the solar irradiance
at noon on the day of the testing as measured with a calibrated spectrora-
diometer. We tested MSM-A and TiO2 with the contaminant mixture, as
well as a blank contaminant mixture solution, under outdoor illumination
to measure the photolysis rates of the contaminants. Figure 10 shows the
first-order rate constants measured in these experiments. The rate con-
stants for MSM-A were approximately two times greater than those ob-
served under laboratory illumination, despite similar or less available irra-
diance at the wavelengths for a-Fe-O3; and CuO (see Figure 9 and Figure
2). The rate constants observed with TiO. were approximately 10 times
greater than under tungsten-halogen illumination, corresponding to the
increase in radiance at UVA wavelengths. However, the rate constants for
the multispectral material were more than two times the rate constants for
commercial TiO-, indicating the unique suitability of our material for low-
energy input, solar-light-driven applications.

Figure 9. Solar spectral irradiance in Hanover, New Hampshire, on 21 June 2018.
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Figure 10. Rate constants for degradation of contaminants in outdoor
experiments with multispectral photocatalyst and controls.
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3.6 Electrical Energy per Order of multispectral photocatalysts

To evaluate the effectiveness of the multispectral photocatalysis as an ad-
vanced oxidation process for water treatment, we calculated a figure of
merit known as Electrical Energy per Order (Ero). This metric can be com-
pared against other advanced oxidation processes to evaluate their effi-
ciency of contaminant removal. A lower Ero value corresponds to a more
efficient advanced oxidation process. The calculations for Ero, as well as
Collector Area per Order (Aco), the equivalent metric for solar-driven pro-
cesses, are explained in detail below.

3.6.1 Calculating Electrical Energy per Order and Collector Area per Order

First described by Bolton et al. (2001), Ero is a figure of merit for advanced
oxidation processes. The Ero value for a particular advanced oxidation re-
actor describes the electrical energy needed to remove a particular con-
taminant from the system by an order of magnitude value. For processes
with a first-order rate constant, EEO can be calculated using equation (1):

38.4x%P
Ego == (1)
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where

P = the power input to the system in kilowatts,

V = the volume in liters, and

k = the pseudo-first-order rate constant in inverse hours for the
contaminant removal.

Bolton et al. (2001) also described an equivalent figure of merit for ad-
vanced oxidation processes driven by sunlight. Aco represents the amount
of surface area that must be exposed to sunlight to reduce the concentra-
tion of a contaminant by an order of magnitude. For processes with a first-
order rate constant, Aco can be calculated using equation (2):

AxEg*0.384
Aco=— (2)
where
A = theilluminated area of the solution in square meters;
Es = the spectral irradiance, in watts per square meters, integrated

over all measured values;

V = the volume in liters; and

k = the pseudo-first-order rate constant in inverse hours for the
contaminant removal.

3.6.2 Ego of individual and multispectral photocatalysts under tungsten-
halogen illumination

We calculated Ero values for the individual and multispectral photocata-
lysts used to degrade MO. The calculations used the pseudo-first-order rate
constants, which had been converted to inverse hours (Table 5), and the
power usage of the laboratory tungsten-halogen illumination system, ap-
proximately 0.1 kW. Because all photocatalysts were run with the same illu-
mination system, the relative rank of the Ero values is the same as the rate
constants, with the lowest Ero value (40 kWh/order*m3) corresponding to
the material with the greatest MO degradation rate, MSM-A. The Eko calcu-
lations show that not only do the multispectral materials outperform com-
mercial TiO- under tungsten-halogen illumination, but they are also com-
parable to TiO- in a fluorescent UVA illumination system that outputs only
wavelengths corresponding to the TiO. bandgap. Previous reports found
TiO- to have an Ero of 39 kWh/order*m3 when used to degrade MO under
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similar illumination conditions (Ambrogi et al. 2019). Table 5 shows all Ero
values for the individual and multispectral photocatalysts.

Table 5. Erovalues for the degradation of methyl orange
under tungsten-halogen illumination with individual and
multispectral photocatalysts.

Rate Constant Ero
Photocatalyst (h-1) (kWh/order*ms3)

TiO2 (P25) 0.14 696
Zn0 0.10 1000
o-Fe203 0.58 167
Cuo 0.20 470
MSM-A 2.40 40
MSM-B 1.20 80

3.6.3 Egoand Aco of multispectral, multicontaminant systems

We calculated Ero values for the contaminant mixture degraded with
MSM-A. Shown in Table 6, MO degradation had the lowest value, followed
by CM and then by NB. As with the values in section 3.6.2, the lowest Ero
value corresponds to the greatest degradation rate constant. These Ero val-
ues show that MSM-A is also on par with commercial TiO: (under UVA il-
lumination) when used to degrade a contaminant mixture. Ambrogi et al.
(2019) found that MO, CM, and NB had Erovalues of 34, 104, and 115
kWh/order*ms, respectively, with TiO- under such conditions.

Table 6. £roand Aco values for the degradation of the multicontaminant mixture with MSM-A
under laboratory and solar illumination.

Ecoor Aco (KWh/order/m3)
Experiment Photocatalyst MO CM NB
Indoor MSM-A 53 67 285
MSM-A 4.0 6.1 14.5
Outdoor TiO2 12.9 16.1 81.5
Blank 334 N/A 85.7

We also calculated Aco values for the experiments conducted outside with
MSM-A and controls (Table 6). Because of the increased rate constants
under solar illumination, MSM-A greatly outperformed TiO-. and UV pho-
tolysis for all contaminants. For MO and CM, the values were less than 10
kWh/order*ms3, which is a standard of feasibility for advanced oxidation
processes used in commercial applications (Santiago-Morales et al. 2013;
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Sindelar et al. 2014; Yao et al. 2018). Thus, the multispectral photocata-
lytic materials are certainly suitable candidates for solar-light-harvesting
water treatment applications.
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Conclusions

By combining transition metal oxide photocatalysts with different bandgap
energies, we were able to achieve increased photodegradation kinetics for
removal of small molecule contaminants from aqueous solutions. The in-
creased degradation rates measured for the optimized TMO photocatalytic
material exceed the sum of the photodegradation rates for the individual
oxides alone, implying a synergy that is related to more than just increased
light harvesting by multiple oxides. These multispectral materials have ef-
ficiencies on par with commercially available photocatalysts, and they
show promising performance in outdoor reactions. These findings provide
a straightforward methodology to leverage broad-spectrum solar radiation
as an energy-efficient means to remediate small molecule contaminants
from water as a final purifying step in a wastewater treatment train.
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Appendix A: Mass Spectra of Contaminants
and Byproducts

Figure A-1. Mass spectra of methyl orange in () negative and (b) positive ion
modes, and mass spectra of (¢) carbamazepine in negative ion mode.
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Figure A-2. Mass spectra of methyl orange products (a) B, (b) C, (¢) A and (a) carbamazepine product.
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