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ABSTRACT: Concerns over water contamination by biorecalcitrant,
persistent organic pollutants have emphasized the need for effective, cheap,
and scalable treatment methods. Photocatalysis offers the potential advantages
of using air as the oxidant, ambient conditions for reaction, and sunlight as the
source of energy; however, identifying a sustainable catalyst support and
sunlight-active, earth-abundant photocatalysts is challenging. This study
demonstrates for the first time the development of a ZnO/cellulose nanofiber
(CNF) continuous flow photoreactor for fast and effective degradation of
industrial pollutants 1,4-dioxane and malachite green and model pollutant
methylene blue in water. The novel sun-flow reactor consists of open,
interconnected parallel channels with a continuous flow of water containing
the chosen pollutant circulated over the catalyst under ultraviolet (UV)A/B
irradiation from direct sunlight. Mass spectrometry (MS), gas chromatography
(GC)-MS, liquid chromatography (LC)-MS, and inductively coupled plasma (ICP)-MS analyses were used to investigate and
quantify the extent of degradation and the byproducts formed in the process. Aqueous solutions of 10 ppm methylene blue and
malachite green, as well as their reaction byproducts, were reduced below 0.1 ppm (the detection limit) with an energy per order
(EE/O) figure of merit of 2.2 kWh/m3 per order. A 3.5 ppm aqueous solution of 1,4-dioxane was reduced to 0.034 ppm with an EE/
O figure of merit of 1.6 kWh/m3 per order.

KEYWORDS: 1,4-dioxane, malachite green, continuous photoreactor, photocatalytic water remediation, sustainable catalyst,
persistent organic pollutant, biorecalcitrant

■ INTRODUCTION

The presence of biorecalcitrant, persistent organic pollutants
(POPs) in water has become a critical environmental and
health issue.1,2 Standard water treatment methods including
filtration, flocculation, chemical oxidation, and biological
treatment often fail to fully remove POPs leading to a
substantial interest in advance oxidation processes (AOPs) for
the removal of these chemicals. Photocatalytic degradation
strategies3−7 have attracted particular attention due to their
promise for cost-effective, rapid, and efficient degradation of
POPs including the potential for complete mineralization of
the contaminants.8−12 Despite these potential advantages,
drawbacks of current technologies preventing broad commer-
cialization include scalability,13,14 cost of running ultraviolet
(UV) and/or visible lamps, use of expensive and non-earth-
abundant transition-metal catalysts,15−17 and testing limited to
simple model dyes such as methylene blue (MB).18

To address these challenges, earth-abundant catalysts such
as ZnO8,16 and TiO2

14 have been extensively studied. Low
photoconversion efficiency continues to remain a major
challenge, and this has driven extensive studies focused on
catalyst improvement including dopant and coupled semi-

conductor approaches. Recently, we reported a nanostructured
ZnO catalyst capable of natural sunlight-driven photo-
degradation of methylene blue (MB) dye that addressed the
challenge by choice of site (Melbourne, Australia), which
provides sufficient radiance in the UVA (3.10−3.94 eV) and
UVB (3.94−4.13 eV) range to active the direct band gap (3.37
eV) ZnO without additional modification.19 In batch mode,
this system provided >99% degradation of a 5 ppm solution of
MB dye in less than 10 min and exhibited <1% decrease in
catalytic function over 10 repeat cycles. Although a promising
result, recent reviews in the field such as those by Loeb et al.
and Wang et al. have stressed that the photocatalytic literature
too often ignores key scale-up challenges,8,10 and we note that
this extends to a lack of consideration of plant site selection
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and local solar radiation characteristics. To further probe the
effectiveness of ZnO as a water treatment photocatalyst using
the natural UVA/B characteristics of the Australian solar
radiance, a number of additional key research gaps need to be
addressed: expansion to a wider substrate set including nondye
molecules,18 implementation in a scalable flow chemistry
configuration, use of a broadly comparable figure of merit such
as EE/O, and ability to achieve relevant environmental targets
for removal of pollutants. Advancement in these aspects of
photocatalytic water treatment is considered to be integral for
studies of existing and novel catalysts.
In this study, site-specific solar radiance characteristics are

explicitly considered in the context of a simple free-falling film,
continuous flow reactor design to ensure capture of both direct
and diffuse solar radiation, and excellent oxygen saturation14

coupled to an easily produced, nanostructured ZnO
catalyst.20,21 ZnO has superior light absorbance properties as
compared to TiO2 in the UVA region, making it of particular
interest for sites located in Australia or similar UVA/B radiance
regions.22,23 The location is important based on the solar
radiation, not the specific location. For ZnO photocatalyst to

activate, it is important to have high UVA/B intensity, and as
Australia has very high UVA/B, this location can be used as a
perfect example. Although using a doping material or coupling
ZnO with other semiconductors can improve the visible light
activity, usage of only ZnO as the catalyst under direct sunlight
has been the biggest challenge in past studies. The cellulose
nanofiber (CNF) support, which exhibited excellent perform-
ance under batch conditions,20 was employed as the support
for the free-falling film reactor. The vast majority of published
ZnO-based photodegradation studies are in batch mode and/
or employ dye models as the sole substrate.8,16 To benchmark
both the flow and batch studies in the literature, the commonly
studied methylene blue (MB) dye and the more industrially
relevant malachite green (MG) dye were employed. MG is a
cheap dye employed in the fish farming, textile, and leather
industries that is banned in the United States and Europe
because of its teratogenic and carcinogenic effects.24 Although
there are not yet specific concentration guidelines and
limitations, it is highly recommended to remove it from
water.25 The nondye substrate 1,4-dioxane was selected to test
if the observed photocatalytic degradation characteristic of

Scheme 1. Sun-Flow Photodegradation Apparatus Used for This Studya

a(A) Detailed photocatalytic degradation study performed using sun-flow apparatus I identifying 1−4 min sampling points and treated water
collection tank use for 1,4-dioxane sampling. (B) Scaling study for apparatus I−IV.
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ZnO under Australian solar radiance was dominated by a dye-
sensitized reaction mechanism18 or was broadly applicable to a
wide variety of biorecalcitrant POPs. 1,4-Dioxane is a potential
occupational carcinogen that may increase the chance of nasal
cavity, gall bladder, and liver tumors26 and has recently been
categorized as an environmental contaminant that is problem-
atic for health.27 Both 1,4-dioxane and MG are industry-
relevant, water-soluble, biorecalcitrant, mobile, and toxic
pollutants that easily contaminate ground-water resources.28,29

Previously, Lee et al. investigated the photocatalytic
degradation of 1,4-dioxane using TiO2 catalysts under UV
lamps in a membrane continuous photoreactor achieving a
final concentration of 0.04 ppm with the electrical energy per
order (EE/O) of 1.9 kWh/m3/order.30 Mueses et al. studied
the photocatalytic degradation of 1,4-dioxane using a
compound parabolic collector photoreactor and TiO2 cata-
lyst.31 They used sunlight as the source of energy and achieved
an EE/O of 0.19 kWh/m3/order. Yamazaki et al. investigated
the photocatalytic degradation of 1,4-dioxane using continuous
annular reactors and TiO2 catalyst under UVC lamp
irradiation.32 They were able to reduce 1,4-dioxane concen-
tration to 0.09 ppm with an EE/O of 2.88 kWh/m3/order. The
EE/O figure of merit is therefore employed to compare the
performance of the four-reactor scales described in this study
to each other as well to previous literature examples.

■ EXPERIMENTAL SECTION
Chemicals. Methylene blue (MB), malachite green oxalate

salt (MG), 1,4-dioxane (reagent plus ≥ 99%), and zinc acetate
dihydrate (ACS reagent, purity > 98%) were purchased from
Sigma-Aldrich Co., Australia. Cellulose nanofiber (CNF) (KY-
100S grade and 25% solid content) was obtained from
DAICEL Chemical Industries Limited, Japan. Absolute ethanol
was purchased from Ajax Finechem, Australia, and the NaOH
dry pellets in analytical/reagent grade were purchased from
Merck Co., Germany. Hydrochloric acid 36% was purchased
from RCI Labscan Limited, Thailand. Clear acrylic sheets were
purchased from acryliconline.com.au online shop. All chem-
icals were used without further purification.
Synthesis of ZnO/CNF Catalyst. The ZnO/CNF catalyst

was prepared as described in our previous study.20 In brief, 120
g of wet CNF (75 wt % moisture content, 30 g of dry CNF,
without any further treatment) was added to 1880 g of Milli-Q
water (to form 1.5 wt % of dry CNF content suspension) and
disintegrated using a Messmer disintegrator (Model MKIIIC,
Netherlands) at 3000 rpm for 15,000 revolutions. The
resultant suspension was mixed with 126 g of zinc acetate
dihydrate powder (to obtain 0.3 M Zn(OAc)2 in a 2 kg of
suspension) and mixed using a Dispermat mixer (VMA-
Getzmann GMBH) at 2000 rpm for 1 h. Next, 120 g of NaOH
pellets were slowly added to the suspension (to produce a 1.5
M NaOH in 2 kg of suspension) and mixed using Dispermat
mixer for 3 h at 80 °C to produce a milky white
suspension.33,34 Information regarding pore size and surface
area of the catalyst (Brunauer−Emmett−Teller (BET)
analysis) can be found in our previous study.19

Construction of the Sun-Flow Apparatus. The sun-flow
apparatus consists of an immobilized ZnO/CNF bed and free-
falling film reactor optimized for the direct and diffuse solar
radiance in Australia (Scheme 1). Sun-flow apparatus I was
constructed out of a clear acrylic sheet (40 × 60 × 2 cm3) that
was machined to form parallel channels (40 × 4 × 1.5 cm3)
(Scheme 1A, Figures S1 and S2). The ZnO/CNF suspension

was cast inside molds made from clear acrylic sheets in the size
and shape of the channels and then oven-dried at 105 °C for 3
h to remove all of the moisture from the catalyst. The ZnO-
embedded, catalyst support sheets were placed on the bottom
of the channels, and the water samples were pumped over
them using a MasterFlex L/S pump (Cole-Parmer Instrument
Co.) at a flow rate of 16.7 mL/min with a water depth of about
5 mm. Dimensional details of sun-flow apparatus I, and all
other apparatus employed in this study, are presented in Table
1. The parallel open-channel, free-falling film design was

selected to maximize oxygen saturation, solar flux, the
interaction of pollutants with the catalyst, and to provide a
gravity water flow.14 The experiments were conducted under
direct sunlight at GPS coordinates of −37.909120 latitude and
145.132686 longitude (Clayton, Victoria, Australia), which
provides the UVA solar radiance matched to the ZnO catalyst.

Photocatalytic Degradation Testing Using Sun-Flow
Apparatus I. The photocatalytic degradation of organic
pollutants was tested using MB, MG, and 1,4-dioxane. Sunlight
intensity was measured by a ProSciTech Pty Ltd E850009
UVA/B meter (±4% standard deviation). The UVA/B
intensity varied during the day, depending on the weather
and the sun’s position. To normalize the total UVA/B
exposure between experiments, sun-flow apparatus type, and
as a function of both UVA/B intensity and time, the following
equation was used

E t I A= × × (1)

where E is total UVA/B solar energy exposure (kJ), t is the
irradiation time (s), I is the average UVA/B intensity over time
(kW/m2), and A is the area in contact with UV light on the
catalyst/support surface (m2). The experiments were done at
pH 11, which was the intrinsic pH of the system without any
modification. Water samples (5 mL) were removed from the
apparatus at standard intervals for analysis. Sampling is
reported as ZnO/CNF contact time (defined as the amount
of time flowing solution is in contact with the ZnO/CNF
catalyst/support in the bottom of reactor channel) for MB
(Figures 1 and 2) and MG (Figure 3) with the solution
removed from sun-flow apparatus I at the locations indicated
in Scheme 1A. Sampling for 1,4-dioxane is reported as the total
ZnO/CNF contact time for the sun-flow apparatus I system
with 5 mL of sample solutions removed from the 2 L treated
water collection tank at the specified time intervals. To
investigate the effect of pH on the photocatalytic degradation
of organic pollutants, HCl was used in the MB solutions to
adjust the pH between 4 and 14 during the experiments.

Mass Spectrometry (MS) Analyses. Except where noted,
analyses were carried out at the Monash Analytical Platform,
School of Chemistry, Monash University. Qualitative and
quantitative LC-MS were used to identify the amount of MB
and MG in the samples and the presence of 1,4-dioxane

Table 1. Summary Dimensional Characteristics of the Sun-
Flow Apparatus

apparatus

channel
length
(cm)

channel
width
(cm)

surface
area
(cm2)

dry ZnO/CNF
catalyst/support

(g)
flow rate
(mL/min)

I 40 4 160 11.72 16.7
II 20 2 40 2.93 4.2
III 20 0.8 16 1.17 1.7
IV 8 0.8 6.4 0.47 0.7
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byproducts. ICP-MS was used to identify the amount of
Zn2+(aq) released in water during the course of an experiment.
High-resolution (HR)GC-MS was used to identify and
quantify the amount of 1,4-dioxane present in samples.
Qualitative LC/MS/TOF. LC/MS analysis was conducted

on an Agilent 6220 TOF MS system (Santa Clara, CA) with a
multimode dual nebulizer electrospray ionization (ESI)/
atmospheric pressure chemical ionization (APCI) source.
The LC consisted of an Agilent 1200 series solvent degasser,
binary pump, column oven, and sample manager. An Agilent
SB-C18-bonded silica 1.8 μM (2.1 × 50 mm2) column was
used for the LC/MS study. The mobile phase consisted of
MeCN and H2O, both containing 0.1% v/v formic acid, and
delivered using a binary gradient over 20 min followed by re-
equilibration to the starting conditions. Based on previous
literature studies35−37 and to have enough residence time in
the column, the flow rate was set at 0.4 mL min−1 and the
injection volume was 5 μL. LC/MS analysis was conducted
using both positive and negative ion detection, and elution of
the analyte was monitored using the following MS conditions:
nebulizer pressure 35 psi, gas flow rate 8 L/min, gas
temperature 300 °C, capillary voltage 2500/−2500 V,
fragmentor 150, and skimmer 65 V. The instrument was
operated in the extended dynamic range mode with data
collected in m/z range 50−1000.35−37
Quantitative LC/MS. Quantitative LC/MS data was

generated using an Agilent 1200 series LC (Santa Clara,
CA) equipped with a single quad Waters Micromass ZQ MS
system (Milford, MA) with an ESI source and an Agilent SB-
C18-bonded silica 1.8 μM (2.1 × 50 mm2) column. The
mobile phase consisted of MeCN and H2O, both containing
0.1% v/v formic acid, and delivered using a binary gradient
over 20 min followed by re-equilibration to the starting
conditions. The flow rate was 0.4 mL min−1, and the injection
volume was 5 μL. LC/MS analysis was conducted using
positive mode electrospray ionization and elution of the
analyte monitored in single ion monitoring (SIM) mode.
Concentrations were determined by comparison to a set of
calibration standards prepared in a blank solvent.35−37

ICP-MS for Zn Release Test. Zn2+ ion concentration in
water was determined using a PerkinElmer NexION 350
inductively coupled plasma mass spectrometer, measuring zinc
at 63.93 amu. Raw count rates from the analyses were
externally standardized through a calibration curve constructed
using a commercially available zinc 64 stock solution supplied
by Merck. An internal standard of 80 ppb germanium was used

for zinc analysis. Zn2+(aq) amount in Milli-Q water was
measured as the reference and deducted from the results.
Standard zinc solutions with a concentration of 1 ppb to 10
ppm were used to construct the calibration curve.

High-Resolution Gas Chromatography-Mass Spec-
trometry (HRGC-MS) for Both Quantitative and Qual-
itative 1,4-Dioxane Detection. National Association of
Testing Authorities (NATA) accredited analysis of 1,4-dioxane
in water was carried out at Eurofins Environment Testing
Australia Pty Ltd. using USA-EPA Method 522, which employs
isotope dilution HRGC-MS. In brief, as described on the
Eurofins Scientific Environmental Testing website (https://
www.eurofins.com.au/environmental-testing/water-testing/;
accessed 13-9-2021), a splitless injection with a high-resolution
fused silica capillary GC column was interfaced to an MS
operated in the SIM mode. The analyte, SUR, and IS were
separated and identified by comparing the acquired mass
spectra and retention times to reference spectra and retention
times for calibration standards acquired under identical GC/
MS conditions. The concentration of the analyte was
determined by comparison to its response to calibration
standards relative to the IS.38

Sun-Flow Scaling Study: Apparatus I−IV. To inves-
tigate the scalability of the sun-flow apparatus, four different
systems (I−IV: Table 1 and Figure S2) were prepared and
tested using 1, 3, 5, 10, and 20 ppm concentrations of model
pollutant MB. The flow rates employed for apparatus I−IV of
16.7 (MasterFlex L/S pump (Cole-Parmer Instrument Co.)),
4.2, 1.7, and 0.7 mL/min, respectively, were achieved using a
NE-4000 Programmable 2 Channel Syringe Pump, New Era
Pump Systems Inc. These flow rates were selected to maintain
a laminar flow with a constant Reynolds number of ∼250 in
each apparatus. In every case, the MB solutions were allowed
to flow until a steady flow state was achieved in the entire
apparatus. MB sample contact time for each apparatus was
varied using internal physical sampling in a fashion analogous
to that described in detail for sun-flow apparatus I in the
Photocatalytic Degradation Testing Using Sun-Flow Apparatus
I section. Specifically, for sun-flow apparatus I, 0.5 mL of
aliquots were sampled at the 1 min ZnO/CNF and the MB
solution contact time point (after flow of the MB solution in
the system for 1 min and at point 1 in Scheme 1). For sun-flow
apparatus II−IV, 0.5 mL of aliquots were sampled at the 0.5
min ZnO/CNF and the MB solution contact time point. The
dimensional scale differences required a different contact time
point for sun-flow apparatus I, although a common time was
possible for apparatus II−IV. The UVA/B intensity average
was 45 W/m2 for all experiments. All scaling experiments were
carried out at GPS coordinates of −37.909120 latitude and
145.132686 longitude, identical to all other apparatus studies
reported herein. A summary of the study and apparatus
employed is provided in Scheme 1. The photocatalytic
degradation mechanism schematic of organic pollutants in
this study using ZnO catalyst based on the mechanism
proposed by Lee et al.8 is illustrated in Scheme 2.

■ RESULTS AND DISCUSSION
Photocatalytic Degradation of Methylene Blue (MB).

The photocatalytic degradation of MB has been widely
employed as a model pollutant dye for photodegradation
experiments, including recently reported ZnO/CNF studies
performed under batch conditions.8,20 Typically, studies are
performed using colorimetric detection to detect photo-

Figure 1. Photobleaching of 10 ppm aqueous MB in sun-flow
apparatus I as a function of ZnO/CNF contact time. UVA/B intensity
average = 40 W/m2, flow rate = 16.7 mL/min, ZnO/CNF catalyst/
support used = 11.72 g, and water depth in channels ≈ 5 mm.
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bleaching; however, studies have also been performed
examining the chemical identity of MB byproducts.39,40 For
this study, the photocatalytic degradation of MB was
investigated using both colorimetric (Figure 1) and LC-MS
analysis (Figure 2).41 In both cases, a 10 ppm aqueous solution
of MB was flowed at a rate of 16.7 mL/min over the ZnO/
CNF support. The flowing solution exposed to sunlight
(UVA/B intensity of 40 W/m2) was sampled using 5 mL of
aliquots at 1−4 min contact time points, as illustrated in
Scheme 1. The solution rapidly photobleached, as illustrated in

Figure 1 with 99.9% degradation after 4 min of contact time
and a pseudo-first-order rate constant of 0.71 h−1.
LC-MS characterization at the 2 min time point indicates

the presence of m/z values of 118.0 (C4H6O4), 141.0 and
157.0 (Sulfone ions), 173.0 (4-amino-benzenesulfonic acid),
and 189.0 (2-amino-5-hydroxy-benzenesulfonic acid) (Figure
2).20,35,37 Neither MB nor any of the byproducts were detected
after 4 min of contact time to the 0.01 ppm level of detection.
These results are in accordance with previous studies of the
MB photodegradation pathway by Wang et al.35 and Gnaser et
al.37 as well as our previous batch-level study.20 The peaks

Figure 2. LC-MS analysis of 10 ppm aqueous MB samples in sun-flow apparatus I as a function of ZnO/CNF contact time. (A) Untreated, (B) 2
min, (C) 4 min, (D) Milli-Q water reference, and (E) Milli-Q water without MB after 4 min contact time. UVA/B intensity average = 40 W/m2,
flow rate = 16.7 mL/min, ZnO/CNF catalyst/support used = 11.72 g, and water depth in channels ≈ 5 mm.
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observed in the samples after 4 min of contact time (Figure
2C) are consistent with known contaminants in the Milli-Q
water used (Figure 2E).
Photocatalytic Degradation of Malachite Green (MG).

MG is in the triphenylmethane class of dyes that are highly
resistant to degradation42 and have wide application in the
pulp and paper, aquaculture, and textile industries.43 The
German Federal Institute for Risk Assessment (BfR) has
classified MG as an environmental contaminant that is harmful
to aquaculture and the environment,44 and toxicity has been
noted toward fish.45,46 MG byproducts can vary depending on
the nature of the advanced oxidation treatment process
selected, and common byproducts of the photodegradation
reaction are C14H15ClN4, C19H16ClN3, C14H14N4, C18H13N2,
C7H8O3, and C9H16O2.

47,48

A 10 ppm aqueous solution of MG was flowed at a rate of
16.7 mL/min over the ZnO/CNF support. The flowing
solution exposed to sunlight (UVA/B intensity of 40 W/m2)
was sampled using 5 mL of aliquots at 1−4 min contact time
points, as illustrated in Scheme 1. The solution rapidly
photobleached as illustrated in Figure 3A with >99.9%
degradation after 4 min of contact time and a pseudo-first-
order rate constant of 0.64 h−1. LC-MS characterization after 4
min contact time revealed neither MG nor any of the reported

byproducts to the 0.01 ppm level of detection (Figure 3B).48,49

The detected peaks were again consistent with the trace
contaminants in the Milli-Q water. Within the limits of the
measurement, mineralization of MG to carbon dioxide, water,
chloride, and NOx has resulted.

Photocatalytic Degradation of Low-Concentration
1,4-Dioxane. The concentration of 1,4-dioxane in drinking
water has been reported as high as 1−5 ppm.26 With this in
mind, a ∼4 ppm concentration was used to explore the
effectiveness of the ZnO/CNF catalyst in the sun-low
apparatus for 1,4-dioxane removal. All samples were tested
using USA-EPA Method 522 (limit of detection = 5 × 10−5

ppm), which employs isotope dilution HRGC-MS. To
measure the effect of 1,4-dioxane adsorption on the surface
of the ZnO/CNF catalyst and support, the experiment was
initially conducted in the dark. After 3 h of flowing, the 4 ppm
aqueous solution over the catalyst bed in sun-flow apparatus I
about 0.04 ppm of 1,4-dioxane (∼l% of the total sample)
adsorbed on the surface of the ZnO/CNF catalyst. This
observation is in contrast with our previous study,19 where the
results showed about 30% adsorption of MB on the catalyst.
Therefore, it can be hypothesized based on these results that
the much higher adsorption of the MB might contribute to its
much more rapid degradation.

Figure 3. Photobleaching of 10 ppm aqueous MG in sun-flow apparatus I. (A) Photobleaching as a function of ZnO/CNF contact time and (B)
LC-MS after 4 min contact time. UVA/B intensity average = 40 W/m2, flow rate = 16.7 mL/min, ZnO/CNF catalyst/support used = 11.72 g, and
water depth in channels ≈ 5 mm.

Scheme 2. Photocatalytic Mechanism of ZnO for the Degradation of Organic Pollutantsa

a(Reproduced based on the mechanism proposed by Lee et al., copyright 20168).
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A 4 ppm aqueous solution of 1,4-dioxane with 2 L of total
volume was flowed at a rate of 33.3 mL/min over the ZnO/
CNF support for a period of 3 h (Scheme 1A). The flowing
solution was exposed to sunlight, which varied over the course
of the experiment with a UVA/B intensity range of 20−35 W/
m2. Over the first half an hour of the experiment, which
corresponds to 0.7 kJ sunlight energy flux on the ZnO/CNF
catalyst/support surface, about half of the 1,4-dioxane
degraded. Another 2.5 h of sunlight exposure, resulting in a
total energy flux over 3 h of 4.2 kJ, was required for the 1,4-
dioxane concentration to decrease to 0.034 ppm or 34 μg/L
(Figure 4). Overall, the pseudo-first-order rate constant for 1,4-

dioxane was observed to be somewhat faster than that for the
MB and Mg dyes with a value of 0.96 h−1. The final 1,4-
dioxane concentration obtained is below the lifetime health
advisory level of 0.2 ppm and the 10−4 cancer risk level of
0.035 ppm advised by the USA-EPA26 as well as the Australian
Government Food Standards and WHO limitations of 0.05
ppm.
The intermediates present in the degradation pathway were

examined by LC-MS. After 1.4 kJ of total solar flux (1 h),
acetic acid, oxalic acid, and ethylene glycol diformate were all
detected consistent with previous literature observations
(Figures S6A and S7).50−52 Trace amounts of both oxalic
acid and acetic acid remained after 4.2 kJ of total solar flux (3
h) (Figure S6B).
Based on the results from the literature, ZnO nanoflower/

nanosheet catalysts showed that effective photo behaviors and
O vacancy and O interstitial defects are considered as the ZnO
active sites.53−55

pH Study. The pH value is a critical parameter in the
photocatalytic reaction happening on the surface of the
semiconductor particle. It affects the degradation process of
many organic pollutants due to the amphoteric behavior of
semiconductor oxides.56−58 The pH value was controlled in all
other experiments at pH 11; however, the effect of pH value on
the photodegradation was investigated in the pH range of 4−
14 using a constant MB concentration of 10 ppm in the flow
device I under direct sunlight irradiation. The time to reach
99.99% photobleaching and the rate constant at various pH
values are shown in Figure 5. In the sun-flow system using
ZnO/CNF as the catalyst, the photobleaching process of the
MB dye is faster in the alkaline condition (pH 8−14). The

fastest degradation and lowest rate constant were at a pH of
10. This was 4 times faster than at the pH of 4.
The studies of the MB absorption on the surface of the

semiconductors suggest the adsorption of H2O at the catalyst
surface followed by the detachment of OH− groups, which
leads to the appearance of the corresponding metal hydroxyl
groups (M−OH) in the system.16,59,60 Therefore, there is an
equilibrium between the amphoteric behavior of the catalyst
hydroxide and the alkali (eq 2) and acidic (eq 3) behavior of
the MB in solution, which is shown as follows60

M OH OH M O H O2− + → − +− −
(2)

M OH H M OH H M H O2− + → − − → −+ + +
(3)

The attractive or repulsive electrostatic interactions between
the organic pollutant molecules and the catalyst surface, which
enhance or reduce the photodegradation process, vary with
pH. The effect of pH on the degradation process is believed
mainly to be a result of the ZnO surface charge and its relation
with the anionic or cationic (ionic) form of the organic
pollutant.60,61 The low reaction rate at the acidic region (pH of
4−6) is because of the difference between photodissolution
and dissolution of ZnO.60,61 As MB is a material with cationic
behavior, the decreased degradation time in low alkali pH
values (8−11) can be attributed to the high catalyst surface
hydroxylation because of the existence of large number of the
hydroxyl groups. Therefore, by the formation of more radical
•OH, the reaction rate is then increased. Subsequently, in the
medium alkali pH range (8−12), as a result of the electrostatic
attraction of the dye cations and the catalyst surface, the
adsorption of the organic compound on the surface of the ZnO
catalyst increases. At higher alkali pH (12−14), even though
the electrostatic attraction is enhanced, at the same time, the
presence of the hydroxyl groups decreases. Therefore, the
reduction in the reaction rates in these pHs is attributed to the
hydroxylation breakage of the catalyst surface.16,59−61 Based on
the literature16,59−61 and the nature of ZnO semiconductor,
leaching at neutral pH happens is much less compared to
higher pH. Hence, it has been hypothesized that the leaching
experiments at higher pH can give the results of the worst-case
scenario in the photocatalytic process, and there is no need for
the leaching experiments in other pH values.

Figure 4. Photocatalytic degradation of 1,4-dioxane as a function of
solar energy flux. UVA/B intensity varied from 20 to 35 W/m2, flow
rate = 33.3 mL/min or 2 L/h, catalyst used = 11.72 g, total volume of
4 ppm 1,4-dioxane sample = 2 L circulated from the treated water
collection tank, and water depth in channels ≈ 5 mm.

Figure 5. Effect of pH on the rate of MB photodegradation in the
presence of ZnO/CNF catalyst. UVA/B intensity average = 80 W/m2,
flow rate = 16.7 mL/min, ZnO/CNF catalyst/support used = 11.72 g,
and water depth in channels ≈ 5 mm.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.1c00484
ACS EST Water 2022, 2, 786−797

792

https://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00484/suppl_file/ew1c00484_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00484/suppl_file/ew1c00484_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00484?fig=fig5&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.1c00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Leaching of ZnO Catalyst Via Photocorrosion. Photo-
corrosion of ZnO to yield Zn2+(aq) and O2 is a well-
documented challenge for the application of ZnO in
wastewater treatment.8,62 To investigate ZnO photocorrosion
from the catalyst during the photodegradation of 1,4-dioxane,
ICP-MS was performed on samples collected every 30 min for
3 h. The concentration of released Zn2+ ions in the solution
after each 30 min reading was 356, 356, 358, 367, and 391 ppb
(less than 8 × 10−7 wt % of total Zn in the catalyst),
respectively. The USA-EPA guideline for zinc ions in water
advises a maximum concentration of 5 ppm. Thus, the Zn2+

release in water is about 2 orders of magnitude below the
guidelines over the timeframe required to remove the 1,4-
dioxane. Reusability of the catalyst over 10 cycles of MB
degradation was investigated in batch mode in our previous
study20 and showed only a 2% decrease in photodegradation
efficiency.
Photodegradation as a Function of Sun-Flow Reactor

Scale. Photocatalytic water treatment offers great promise for
the treatment of environmental waste; however, explicit
consideration of process scaling remains an important
consideration for new technologies as a substantial gap exists
between small-scale laboratory batch studies20 and a
continuous, scalable flow system.10,14 Most published photo-
catalytic flow processes are either not scalable, expensive to
operate, or need sensitive optical equipment. Therefore, the
need for a simple, cheap, and easily scalable photocatalytic
treatment process is vital for the progress of this technology.
Here, physical modeling principles63 were employed to
generate an additional three scales of the simple free-falling
film sun-flow reactor employed in this study (Scheme 1B).
Laminar flow was chosen to provide reliable residence times of
the aqueous pollutant on the catalyst support and to avoid
damage to the catalyst/support system with use.14 To maintain
a constant laminar flow in the channels of all apparatus during
the experiments, flow rates were adjusted to maintain a
Reynolds number of ∼250. Although concern has been
expressed about the use of dyes to test the photocatalytic
activity of semiconductor oxides,18 the experiments described
above indicate very similar activity for both MB and MG as
well as robust activity for 1,4-dioxane. This combination of
information indicates that a dye-sensitized process is not active
in these instances.
For each sun-flow apparatus, photodegradation studies of 1,

3, 5, 10, and 20 ppm aqueous solutions of MB were performed.
The flowing solution exposed to sunlight (UVA/B intensity of
45 W/m2) was sampled using 0.5 mL of aliquots at either a 1
min contact time point (sun-flow apparatus I) or 0.5 min
contact time (sun-flow apparatus II−IV). As expected, pseudo-
first-order rate constants decreased as the dimensional scale
increased; however, the EE/O (kWh/m3 per order) remains
roughly constant at 2.1, 1.8, 1.7, and 1.5 for sun-flow apparatus
I−IV, respectively (Table S1). The changes in EE/O may
result from the change in channel solution depth, which was 5,
1.3, 0.5, and 0.2−0.5 mm, respectively. The decrease in
solution channel depth would be expected to increase the
photoflux onto the ZnO/CNF catalyst bed and to enhance
oxygen availability.
To evaluate the process scale and time-dependent criteria

(apparatus dimension, process time, UV intensity, and MB
concentration), parameters were paired as illustrated in Figure
6. The linear trend indicates that a sufficient number of

hydroxyl radicals per volume of flowing water continue to be
formed as a function of increasing scale.

Comparison to Continuous Flow Photodegradation
Systems Employing ZnO and TiO2 Photocatalysts.
Translation of exciting basic science advances in photocatalytic
water treatment to functional systems capable of treating
municipal wastewater or trade waste remains challenging.10,14

A summary comparison of the ZnO/CNF free-falling film sun-
flow apparatus described herein to continuous flow systems
reported in the literature is provided in Table 2. The literature
cases have been selected on the following criteria: (1) a
continuous flow process; (2) earth-abundant ZnO or TiO2
photocatalyst employed; and (3) MB, MG, or 1,4-dioxane
degradation investigated. Based on this comparison, the ZnO-
CNF sun-flow system employs a sustainable catalyst support
and, to the best of our knowledge, is the first ZnO-based
continuous system to achieve EPA targets for 1,4-dioxane
removal. Previously, only TiO2-based flow systems had
achieved this goal. The ZnO-CNF sun-flow system is also
notable in achieving an EE/O of 1.6 kWh/m3 per order, which
is only superseded by the remarkable, but more expensive and
complex, TiO2-P25-based system with an EE/O of 0.19 kWh/
m3 per order that also employed sunlight in a closed cap,
Duran glass, compound parabolic collector reactor.31 However,
this study did not report the ultimate concentration to which
the 1,4-dioxane was reduced. By way of comparison to
continuous flow systems reported for MB and MG dye
degradation, the ZnO/CNF sun-flow system is the only way to
date to employ sunlight, has a superior EE/O to the UV lamp-
based systems reported, and is a substantially cheaper reactor
design that avoids the use of the quartz tubes common to
many of the other tested systems.

Advantages and Limitations of the Sun-Flow
Apparatus. The sun-flow apparatus described in this report
employs a cheap, earth-abundant catalyst, a sustainable catalyst
support material,20 and a simple and inexpensive reactor
design.14 The open-channel, free-falling film design and the
choice of ZnO photocatalyst are also optimized to take
advantage of the unique UVA/B solar radiance available in the
planned site location (Australia) as well as other locations with
similar UVA/B radiance including most of the areas with GPS
coordinates between −40 (40S) and 40 (40N) latitude.22,23

The choice of an open-channel, sunlight-powered system has
clear disadvantages in terms of reduced functionality or

Figure 6. Photodegradation efficiency of MB as a function of
concentration and scale for sun-flow apparatus I−IV. The rate of dye
removal is dependent on dye concentration and the surface area of the
ZnO/CNF catalyst system.
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complete interruption due to weather and diurnal operation.
There is the potential to mitigate this disadvantage by
integrating solar arrays, batteries, UVA/B lamps, and a
retractable cover. Fouling from a wastewater or trade waste
stream is a substantial concern for the sun-flow system
presented here, although it is also a common challenge for
other published reactor designs. As currently designed, the sun-
flow system would best be implemented as a polishing step to
remove biorecalcitrant POPs following a standard series of
water treatment unit operations that remove suspended solids
that scatter light and redux photoflux to the catalyst and/or
remove organic biosolids that consume hydroxyl radicals need
for removal of the organic pollutants of concern. This
limitation is common for existing AOP photocatalytic flow-
based water treatment systems.9,10,14

■ CONCLUSIONS
The design and development of a sun-flow apparatus for high-
efficacy photocatalytic degradation of low concentration 1,4-
dioxane, malachite green (MG), and methylene blue (MB) in
water samples were investigated. Due to the high intensity of
UVA/B (360−390 nm wavelength) in the Australian regions,
this UV energy from sunlight was used for the activation of the
catalyst, where high efficiency with fast degradation of three
investigated organic pollutants in the system was observed.
The concentration of 1,4-dioxane was reduced below the
limiting concentration advised by USA-EPA. The EE/O figure
of merit was used to compare MB, MG, 1,4-dioxane
photocatalytic degradation using ZnO/CNF catalyst sun-flow
systems to previously reported continuous flow systems
employing ZnO and TiO2 catalysts. The sun-flow system was
shown to function effectively over a scale factor of 25 in the
surface area of the catalyst bed. The simple, open-channel free-
falling film design effectively couples sunlight as the energy
source for the photodegradation of the pollutant species.
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