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A B S T R A C T

Solar-energy-enabled photocatalysis is promising for sustainable water purification. However, photoreactor
design, especially immobilizing nano-sized photocatalysts, remains a major barrier preventing industrial-scale
application of photocatalysis. In this study, we immobilized photocatalytic graphitic carbon nitride on chitosan
to produce g-C3N4/chitosan hydrogel beads (GCHBs), and evaluated GCHB photoreactivity for degrading phenol
and emerging persistent micropollutants in a 3D printed compound parabolic collector (CPC) reactor. The CPC
photocatalytic system showed comparable performance with slurry reactors for sulfamethoxazole and carba-
mazepine degradation under simulated sunlight, and it maintained the performance for contaminant removal in
real water samples collected from water/wastewater treatment plants or under outdoor sunlight irradiation.
Global drinking water production was estimated for the CPC system, and it holds promise for small-scale sus-
tainable water treatment, including, but not limited to, the production of high-quality potable water for single
houses, small communities, rural areas, and areas impacted by natural disasters in both developed and devel-
oping countries.
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1. Introduction

Solar-energy-enabled photocatalysis is a sustainable advanced oxi-
dation process (AOP) which can utilize renewable energy to oxidize
organic micropollutants, inactivate pathogens, and eradicate biofilms
from drinking water and wastewater (Hoffmann et al., 1995; Chong
et al., 2010; Miranda-García et al., 2011; Keane et al., 2014; Raulio
et al., 2006). It is a promising technology for small-scale water pur-
ification, especially for highly cost-sensitive and energy-restrictive
areas (Loeb et al., 2018). Despite substantial research over the past few
decades, the practical application of photocatalysis in water treatment
systems has been very limited due to low photocatalytic efficiency and
high cost of photocatalyst and reactor development, operation, and
maintenance. TiO2 is the most widely explored photocatalyst for pilot-
or industrial-scale photocatalytic reactor applications, due to its low
cost, high abundancy, and robustness (Chong et al., 2010; Keane et al.,
2014; Braham and Harris, 2009). A large number of surface functional
groups on TiO2 also allow easy and diverse immobilization of the
photocatalyst into reactors. One major challenge of using TiO2 for
photocatalytic water treatment is its limited performance under visible
light irradiation that prevents the harvest and use of a larger amount of
solar energy (i.e., TiO2 can only harvest 4% of solar energy in prin-
ciple). Another challenge is much reduced photocatalytic performance
in complex water matrices. The main oxidants produced in TiO2-based
systems are hydroxyl radicals (O%H), which degrade most organics non-
selectively at a high reaction rate (second-order reaction rate constants
of 106–1010 M−1 s−1) (Haag and Yao, 1992; Neta and Dorfman, 1968).
However, the non-selectivity of O%H also limits practical applications of
TiO2, because the O%H reactivity for contaminant degradation can be
significantly compromised by the presence of natural organic matter
(NOM) or other natural water constituents (e.g., carbonate) (Benotti
et al., 2009; Brame et al., 2014, 2015; Antoniou et al., 2016).

Recently, graphitic carbon nitride (g-C3N4) has emerged as an in-
novative photocatalyst with several advantages for practical applica-
tions in water treatment. For example, most g-C3N4 can absorb visible
light (with a wavelength shorter than 460 nm), enabling harvest of 13
% of solar energy (Zheng et al., 2017). In addition, g-C3N4 is a low-cost
material that can be developed from earth abundant precursors, and it
exhibits high chemical and thermal stability and biocompatibility
(Zheng et al., 2017; Cao et al., 2015; Ong et al., 2016; Dong et al., 2018;
Xiao et al., 2017). More importantly, in previous studies, g-C3N4 with
different compositions (i.e., dopants) has shown high robustness for
photocatalytic contaminant degradation, with limited inhibition of
contaminant degradation kinetics in complex water matrices due to the
generation of more selective reactive species (e.g. 1O2, O2

−%, holes)
other than nonselective radicals (O%H) (Zheng et al., 2016, 2019).
However, to the best of our knowledge, very few studies have demon-
strated the practicality of using g-C3N4 in a photoreactor design for
water purification (Moreira et al., 2019). Therefore, in this study, we
aim to develop an efficient, sustainable, low-cost, and potentially
scalable g-C3N4-based photoreactor for water treatment.

Many photoreactors had been designed, including concentrating
collectors (e.g. parabolic-trough collector (PTC)) reactor, non-con-
centrating collector (e.g. inclined plate collector (IPC)) reactor, and
compound parabolic collector (CPC) reactors for solar water treatment.
(Braham and Harris, 2009) Among these designs, CPC reactors combine
the characteristics and advantages of the other two types of reactors.
While CPC reactors can concentrate solar radiation with a less collec-
tion area, it also retains the simplicity for fabrication. Thus CPC reactor
is believed to be the most suitable for pilot-scale or industrial-scale
water treatment applications (treatment capacity up to>1000 L
day−1) (Miranda-García et al., 2011; Keane et al., 2014; Braham and
Harris, 2009; Spasiano et al., 2015; Sichel et al., 2007; Navntoft et al.,
2006; Blanco et al., 1999; Polo‐López et al., 2010). However, most CPC
reactors use metals in fabrication, and their manufacturing requires
high standards and special equipment and instruments. Constructing

compound parabolic reflectors with an optimized geometry for col-
lecting solar irradiation needs precise dimensions. Therefore, scalable
and low-cost manufacturing of CPC reactors could be challenging,
especially for developing countries and economically disadvantaged
communities. Additive manufacturing, such as 3D printing, has
emerged as a valuable tool that is promising for fabricating CPC re-
actors. 3D printing not only fabricates the reactors with a well-con-
trolled dimension (with a Z resolution of 25–100 μm), but also enables
scalable and low-cost production from plastics (e.g., polylactic acid,
acrylonitrile butadiene styrene), and the technology is affordable to
people and communities with limited resources. Therefore, we adopted
3D printing for fabricating the CPC reactor in this study.

Besides the selection and fabrication of photoreactors, another
challenge of photocatalysis for water purification is photocatalyst im-
mobilization in the reactors. Slurry reactors, operated by suspending
micro- or nano-sized g-C3N4 particles in the flow-through reactor, can
have high reaction kinetics due to enhanced mass transfer rates.
However, the main barrier of using slurry reactors is the post-separation
of g-C3N4 fine particles from the treated water. The immobilization of g-
C3N4 on hydrogel (Hu et al., 2019; Jiang et al., 2016; Sun et al., 2017;
Zhang et al., 2016), Al2O3 ceramic foam (Dong et al., 2014), and glass
rings (Moreira et al., 2019) for water and air purification have been
studied. In this study, we applied chitosan hydrogel beads as a support
to immobilize g-C3N4 particles. Chitosan is an earth-abundant biopo-
lymer derived from natural chitin, and it has excellent transparency and
absorbs a negligible amount of ultraviolet and visible sunlight (only
absorbing photons with a wavelength< 200 nm) (Kumirska et al.,
2010). Therefore, sunlight can penetrate into GCHBs with little-to-no
loss and activate photocatalysis. In addition, chitosan is rich in surface
functional groups that can form hydrogen bonds with water, thus
capable of forming hydrogels with a high water content (> 90 wt%).
Chitosan hydrogels show a 3D interconnected porous structure, with
large pore sizes and high porosity, and they can promote reactant mass
transfer inside the beads. To date, the studies of g-C3N4/chitosan
composites for photocatalysis are very limited (Zhao et al., 2018). Our
work is unique and innovative because (i) we immobilized g-C3N4 into
chitosan hydrogel beads and tested photocatalytic performance for
degrading persistent organic micropollutants, and (ii) we used 3D
printed photoreactors to understand the robustness, scalability, and
practicality of immobilized g-C3N4 for solar water treatment.

2. Experimental section

2.1. Synthesis of hydrogel beads

The list of reagents and the detailed synthesis procedure of hydrogel
beads are provided in the supplementary data (SD). Briefly, the pure
chitosan hydrogel beads (CHBs) were sythesized via the coagualtion of
chitosan in NaOH solution and subsequent crosslinking with epicho-
lorodydrin (ECH) (Yu et al., 2008). ECH was selected as the crosslinker
because it reacts with both amine groups and hydroxyl groups in
chitosan, improving the structural stability and mechanical robustness
of the coagulated hydrogel (Yu et al., 2008; Chiou and Li, 2003). GCHBs
were fabricated via a similar precudure of CHBs synthesis, with the
coagulation of a g-C3N4-chitosan mixture instead of pure chitosan
(Scheme 1). The g-C3N4-chitosan mixture was prepared by sufficiently
mixing a certain amount of g-C3N4 (i.e. MCB0.07, synthesized from
melamine, cyanucric acid, and babituric acid based on our previous
study (Zheng et al., 2016)) and chitosan in acetic acid.

2.2. Hydrogel bead characterization

Scanning electron microscopy (SEM) were used to characterize the
morphology of hydrogel beads. The surface area and porosity were
determined by liquid N2 adsorption. The functional groups were ana-
lyzed by attenuated total reflectance-Fourier transform infrared
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spectroscopy (ATR-FTIR). The thermal stability of the synthesized
beads was evaluated by thermogravimetic (TG) analysis. The crystal
phase was determined by X-ray powder diffraction (XRD). Details of
instrumental characterization are provided in the SD.

2.3. CPC reactor design

The CPC reactor (Fig. 1a) mainly comprised two components, a
reflector for collecting and distributing the light, and a quartz tube
packed with GCHBs for photocatalytic reactions. The reflector of the
CPC reactor was fabricated by 3D printing, and its geometry was op-
timized according to previous studies to allow effective light harvesting
and uniform light distribution on the quartz tube (Colina-Márquez
et al., 2009, 2010). Reflective aluminum tape was then adhered to the
3D printed reflector. The quartz tube (inner and outer diameter of 20
and 25 mm, respectively) was packed with GCHBs, and it was placed in
the center of the CPC reflector. Details of reactor design is provided in
the SD.

2.4. Photocatalytic activity test

Photocatalytic contaminant degradation was tested in a 3-inch CPC
reactor packed with GCHBs under simulated sunlight (1000 W xenon
lamp with an AM 1.5 G optical filter), as shown in Fig. 1b, and a
phosphate buffer (1 mM, pH 7.3) containing the contaminant (initial
concentration of 100 μM) recirculated through the photoreactor with a
flow rate of 50 mL min−1 to reduce mass transfer limitations. A higher
concentration of contaminants was selected in photocatalysis compared

to their environmental concentrations (ng-μg L−1) to facilitate instru-
mental quantification. A certain amount of GCHBs was packed into the
reactor to maintain the g-C3N4 loading to the reaction solution of 0.1 g
L−1. The photocatalytic contaminant degradation in a slurry reactor
with the same g-C3N4 photocatalyst powder (0.1 g L−1 MCB0.07) was
conducted for the comparison of degradation kinetics.

The outdoor experiments were conducted in a 12-inch CPC reactor
(Fig. 1c) under natural sunlight on The George Washington University
campus, with sky conditions ranging from clear to partly cloudy
(11:00−17:00, Jun 24th, 2019). 300 mL of phosphate buffer (1 mM,
pH 7.3) containing phenol (initial concentration of 100 μM) was cir-
culated through a peristaltic water pump to the photoreactor with a
flow rate of 50 mL min−1. A certain amount of GCHBs was packed into
the reactor to maintain the g-C3N4 loading to the reaction solution of
0.2 g L−1.

To explore the influence of water matrices representative of water
treatment systems, the reactivity of CPC reactor for phenol degradation
under simulated sunlight irradiation was explored in real water samples
collected from the Broad Run Wastewater Reclamation Facility
(BRWRF, for wastewater treatment and reuse) and Trap Rock Water
Treatment Facility (TRWTF, for drinking water treatment), both in VA.
The treatment processes of BRWRF and TRWTF are included in the SD
(Fig. S3), and water quality parameters are reported in Table S3.

The concentration of contaminants collected at regular time inter-
vals was analyzed by high performance liquid chromatography (HPLC).
The light irradiances from 200−460 nm for different reactors were
recorded by a spectroradiometer. The pseudo-first-order rate constants
(k) for contaminant photocatalytic degradation were obtained by

Scheme 1. Synthesis of g-C3N4/chitosan hydrogel beads (GCHBs).

Fig. 1. (a) Side-view and dimension of the 3D printed compound parabolic collector (CPC) reactor (modified from http://www.solfex.co.uk/). Experimental setup for
photocatalytic contaminant degradation under (b) simulated sunlight irradiation in the laboratory (3-inch CPC reactor) and (c) outdoor sunlight irradiation (12-inch
CPC reactor).
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performing a linear regression of natural log of contaminant con-
centrations versus time (Table S2). The reaction rate constants with 95
% confidence intervals were reported with respect to the light power
(200−460 nm) and catalyst loading, i.e., the pseudo-first-order rate
constant divided by the light power and catalyst loading, which allow
the comparison between different reactor configurations and con-
taminants. Details of the experimental procedures are included in the
SD.

2.5. Global map of water production in CPC reactors

The global map of drinking water production volume was created
based on the contaminant degradation kinetics (pseudo-first-order re-
action rate constants (k), Table S2) in both 3-inch and 12-inch CPC
reactors. The drinking water produced at various geographic locations
per surface area of the reactor per day, α, (L (m2 of reactor)−1 d−1), can
be estimated by the Eq. (1):

= × ′

− −

α GHI kWh m d
E kWh

V L( )
( )

( )
2 1

(1)

where = × ×−E kWh I kW m S m t h( ) ( ) ( ) ( )2 2 , t is the time needed to
achieve 90 % contaminant degradation ( =t /60k

ln(10) (h)), I is the light
irradiance for the reactor (integrated from 200−4000 nm), S is the
surface area of the reactor under light irradiation (Table S2), and V’ is
the volume of water treated in the reactors (0.15 and 0.3 L for 3-inch
and 12-inch reactors, respectively). Global horizontal irradiance (GHI)
data at 30 ″ resolution between 60 °N and 45 °S were taken from the
Global Solar Atlas. Latitudes outside this range are not available due to
satellite imagery accuracy limitations. The map was created using Esri
ArcMap software. The photocatalytic reactivity of the CPC reactors was
assumed to increase linearly with the increase of sunlight intensity for
estimating global drinking water production.

3. Results and discussion

3.1. Optimization of GCHBs synthesis

The bead size and g-C3N4 loading of GCHBs were optimized using
phenol degradation kinetics as a performance indicator (see details in
the SD). Two different sized GCHBs (1.5 and 3 mm in diameter) were
fabricated by using 18 and 20 G syringe needles, respectively. In ad-
dition, different g-C3N4 loadings (5 and 10 wt% of g-C3N4 to chitosan)
were also prepared and evaluated. CHBs were transparent or semi-
transparent, but GCHBs turned yellow with the increase of g-C3N4

loading (g-C3N4 powder is intrinsically yellow, Fig. 2a). Phenol de-
gradation kinetics indicated GCHBs with 3 mm diameter and 5 wt% of
g-C3N4 loading had the best performance (Fig. 2b), but the reaction rate
constant was not significantly different compared to GCHBs with other
sizes and mass loadings of g-C3N4 (12–30 % increase of the reaction rate
constant). Smaller beads with higher surface curvature and a larger
surface area appear to favor photon scattering over absorption, whereas
larger beads result in a high free volume between the beads for water
flow and a corresponding reduced mass transfer rate. Hence, an op-
timum bead size should exist. Our results indicate an optimal quartz-
tube to bead (diameter) ratio of ca. 6.7 in the limited experimental
range investigated, in agreement with a previous study by Ramos, et al.
(Ramos et al., 2019) It suggests that desired photon harvesting and
mass transfer in the photoreactor was achieved. Increase of the g-C3N4

mass loading did not translate into increased photocatalytic activity,
likely due to the decrease of light penetration into the reactor and all
photons have been harvested and used for photocatalysis.

3.2. Characterization of hydrogel beads

The syntheiszed CHBs and GCHBs both showed good mechanical

stability during handling and testing, and negligible destruction of the
beads was observed after photocatalysis. Enhanced mechanical stability
was attributed to ECH crosslinking. Scanning electron microscopy
(SEM) showed both CHBs and GCHBs had a 3D interconnected porous
structure, with macropores around 500 nm (Fig. 3a and b). Similar to
CHBs, the GCHBs also exihibited macropores, albeit covered with g-
C3N4, demonstrating the successful embedment of photocatalyst into
the chitosan matrix. The surface area and porosity of CHBs and GCHBs
before and after photocatalysis were characterized by N2 gas adsorp-
tion. The measured adsorption isotherms and pore size distribution
(Fig. 3d and e) indicate that these beads contained mesopores with∼30
% surface microporosity. CHBs had a slightly higher surface area and a
larger pore volume than that of GCHBs (64.6 vs. 56.4 m2 g−1 and 0.145
vs. 0.127 cm3 g−1), indicating that addition of g-C3N4 sacrificed the
surface area and porosity of the chitosan hydrogel to some extent
(Table 1). This reduction of surface area and porosity in GCHBs was also
supported by the SEM characterization. After 6 h photocatalysis, the
GCHBs did not show any noticeable changes in surface area or porosity
(Table 1), and SEM images indicate their surface morphology was si-
milar (Fig. 3c). These data demostrate that GCHBs are robust in che-
mical reactions and that chitosan is a suitable support for g-C3N4 im-
moblizaton.

The attenuated total reflectance-Fourier transform infrared spectra
(ATR-FTIR) of the CHBs and GCHBs are presented in Fig. 4a. These data
are dominated by spectral features of the biopolymer support; strong
broad bands extending from 3300−3500 cm−1 (eOH and eNHee

stretches), 1030 cm-1 (CeO stretch) and a series of peaks from 1300 to
1650 cm−1 (CNe heterocycle stretching vibrations) clearly indicate the
presence of unaltered chitosan (Kumirska et al., 2010). The addition of
g-C3N4 did not introduce new spectral features, mainly due to the low
loading (5 wt%) of g-C3N4 in the chitosan beads. In addition, g-C3N4

and chitosan have similar functional groups (e.g., NeH, eNH2, or
CNe), and thus it might be difficult to discern them by ATR-FTIR.

To further confirm the immoblization of g-C3N4 on chitosan, the
XRD was conducted for the CHBs and GCHBs. As shown in Fig. S1, CHBs
have a specific microcrystalline stucture with two distinct peaks at 9.5°
and 20.6° (Zhao et al., 2018). Two characteristic peaks at 13.2° and
27.5° are observed for g-C3N4, corresponding to the (002) and (100)
diffraction of the g-C3N4 structure (Zheng et al., 2016). GCHBs show the
chitosan characteristic peaks along with small peaks at 27.5° – the
strongest intensity for g-C3N4, indicating that g-C3N4 were successfully
imobilized on chitosan. No significant change of the XRD for GCHBs
after the photocatalytic experiments also indicates the structural sta-
bility of GCHBs.

Thermogravimetic (TG) analysis evaluated the thermal stability of
the synthesized beads, providing insight into long-term robustness of
our photocatalytic support. Fig. 4b shows the thermograms (TG) and
derivative thermograms (DTG) of g-C3N4, CHBs, and GCHBs (fresh and
after 6 h photocatalysis). After ca. 260 °C, major weight loss was ob-
served for both CHBs and GCHBs, which was due to the chitosan de-
composition (Zhao et al., 2018; Hong et al., 2007). The thermal stability
of chitosan up to 260 °C could indicate long-term stability of the bead
matrix during solar irradiation. The weight loss of GCHBs after 500 °C is
due to the decompostion of g-C3N4, and only a small peak was observed
in the derivative thermogravimetric analysis (DTGA) because of a low
loading of g-C3N4 in the GCHBs (Fig. 4c). Pure g-C3N4 also started to
decompose at 500 °C, which is in agreement with the previous study
(Niu et al., 2012). There was also no noticeable difference between
fresh GCHBs and GCHBs after 6 h photocatalysis in TGA or DTGA re-
sults, indicating the robustness of GCHBs.

3.3. Photocatalytic performance under simulated sunlight irradiation

To evaluate photocatalytic performance, contaminant degradation
was first tested in the 3-inch CPC reactor packed with GCHBs (bead
diameter of 3 mm, g-C3N4 mass loading of 5 wt %) and CHBs (bead
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diameter of 3 mm, as a control) (Fig. 1b). The reaction kinetics were
also compared with that in a slurry reactor with the same g-C3N4

photocatalyst powder (as described in our previous study (Zheng et al.,
2016)). The slurry reactor was directly placed under the beam to har-
vest sufficient photons for photocatalysis, and the mixing rate was
optimized to eliminate mass transfer limitation in the reaction. The
slurry reactor always showed a higher reactivity compared to many
flow-through photoreactors because of an optimum configuration in
previous research (McCullagh et al., 2011), and the photocatalytic re-
activity in the slurry reactor is used as a benchmark to understand the
performance of our CPC reactor. Phenol, a widely used surrogate, and
persistent organic micropollutants, including atrazine (a herbicide),
sulfamethoxazole (SMZ, an antibiotic), and carbamazepine (CBZ, an
anticonvulsant) were selected for photocatalytic reactions. The persis-
tent organic micropollutants were used because they are well-known to
be recalcitrant to traditional water and wastewater treatment, widely
present in natural and treated water, and pose health risks even at very
low concentrations (ng-μg L−1) (Oulton et al., 2010). Details of the
experimental procedures are included in the SD.

No apparent photocatalytic degradation of contaminants was ob-
served in the control experiment with CHBs (Fig. S2), indicating that
pure chitosan beads were not photoreactive. As shown in Fig. 5a, the
slurry reactor outperforms CPC reactor for all contaminant’s degrada-
tion. The largest difference of the photocatalytic activity between the

two reactors was observed for atrazine degradation: atrazine degrada-
tion was ca. 42-times slower in the CPC reactor than the slurry reactor
(1.0 × 10−2 vs. 2.4 × 10-4 L (J)-1 (g of g-C3N4)-1). For phenol, SMZ,
and CBZ degradation kinetics, the CPC reactor was 13.1-, 5.4-, and 2.1-
times slower than the slurry reactor (5.4 × 10-3 vs. 4.1 × 10-4 L (J)-1 (g
of g-C3N4)-1 for phenol, 3.5 × 10-3 vs. 6.4 × 10-4 L (J)-1 (g of g-C3N4)-1

for SMZ and 6.6 × 10-4 vs. 3.1 × 10-4 L (J)-1 (g of g-C3N4)-1 for CBZ),
respectively. Chitosan was slightly negatively charged in our experi-
mental setup (pKa 6.5 vs. pH 7.3 of reaction solution), and it was not
expected to interact strongly with neutral contaminants in the reaction
solution through electrostatic attraction (pKas of phenol, atrazine, SMZ,
and CBZ are 10.0, 1.7, 1.4/5.8, 2.3/13.9, respectively) (Zheng et al.,
2016). The hydrophobicity or hydrophilicity of contaminants and their
interactions with hydrophilic chitosan also cannot explain the observed
photoactivity among contaminants: log Kow of atrazine, phenol, SMZ,
and CBZ are 2.61, 1.46, 0.89, and 2.45, respectively (Hoekman et al.,
1995; Dal Pozzo et al., 1989).

One possible explanation of the observed different performance
between the CPC reactor and the slurry reactor is the slow mass transfer
rate of contaminants inside chitosan hydrogel beads compared to the
slurry reactor. Though the beads have a large amount of macropores,
the significant amount of micro- and mesoporosity present could reduce
the mass transfer rate of reactants. Due to the large size of the beads (ca.
3 mm), the mass transfer can be more seriously inhibited. Atrazine and

Fig. 2. (a) Photos of CHBs and GCHBs with different properties. (b) Phenol degradation rate constants in a 3-inch CPC reactor packed with GCHBs of different
properties under simulated sunlight irradiation (1000 W xenon lamp with an AM 1.5 G optical filter). The initial contaminant concentration was 100 μM, and the
reactions were conducted in a phosphate buffer (pH 7.3, 1 mM). Error bars represent 95 % confidence intervals derived from regression analysis of a single run.
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phenol had a much faster degradation rate compared to that of SMZ and
CBZ in slurry reactor, thus their reactivity in the CPC reactor was more
likely to be influenced by the slow mass transfer rate in the beads.

We also conducted the photocatalytic inactivation of E. coli by the
same CPC reactor with packed GCHBs that was used for contaminant
degradation, and no apparent inactivation was achieved in a prolonged
reaction time of 24 h (see details in the SD). In contrast, g-C3N4 powder
was able to inactivate E. coli in the slurry reactor, based on our previous
study (Shen et al., 2019). E. coli is much larger size compared to the
chemical contaminants evaluated in the study (sizes 1−2 μm (Reshes
et al., 2008) vs. 0.65−0.86 nm (Lorenc-Grabowska, 2016;
Carbamazepine, 2020; Atrazine, 2020; Sulfamethoxazole, 2020)), and
thus it was excluded from diffusion into the pores of GCHBs for pho-
tocatalytic inactivation. This biological study also demonstrated the
diffusion of contaminants played a critical role for their photocatalytic
removal.

Another possible explanation for the differences in the observed
contaminant degradation kinetics is that the mechanism for con-
taminant degradation is different. Atrazine and phenol degradation on
g-C3N4 was systematically evaluated in our previous work, and hole
oxidation was believed to play a dominant role for the degradation of
these two contaminants (Zheng et al., 2019). During the preparation of
GCHBs, embedment of g-C3N4 inside the chitosan hydrogel could cover
the surface of the photoreactive materials with inert biopolymer,
thereby blocking reactive sites and reducing reactivity. Hole oxidation
only occurs on the surface of g-C3N4, in contrast to the reactive oxygen
species (ROS) that could diffuse into the liquid and oxidize con-
taminants away from the surface. Therefore, the coverage of g-C3N4 by
chitosan likely has the most negative impact for atrazine and phenol
degradation. Our previous study elucidated atrazine adsorption to the
g-C3N4 played a key role for its reaction kinetics (Zheng et al., 2019),
and the reduction of surface binding of atrazine to the photocatalyst

Fig. 3. Scanning electron microscopy (SEM) of (a) CHBs, (b) fresh GCHBs, and (c) GCHBs after 6 h photocatalysis. Low resolution images are presented in the main
frames, and higher resolution images of the surface are presented in each inset. (d) N2 adsorption/desorption isotherms and (e) pore size distribution (calculated
using BJH model) of CHBs, fresh GCHBs, and GCHBs after 6 h photocatalysis. The data were collected on samples whose structures were preserved by lyophilization.

Table 1
Summary of liquid N2 adsorption analysis of CHBs, fresh GCHBs, and GCHBs after 6 h photocatalysis. Standard deviation of duplicates is reported.

Sample BET surface area Average pore diameter Micropore area External surface area
(m2 g−1) (nm) (m2 g−1) (m2 g−1)

CHBs 64.6± 0.3 9.11± 0.09 16.0± 0.2 48.6± 0.5
Fresh GCHBs 56.4± 0.0 8.95± 0.00 13.6± 0.1 42.8± 0.0
GCHBs after 6 h photocatalysis 58.4± 0.3 8.90± 0.05 13.6± 0.2 44.8± 0.1
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lowers reactivity. Though the CPC reactor has a lower photoreactivity
compared to the slurry reactor, it still performs well for degrading some
contaminants (i.e., SMZ and CBZ), and it holds promise for pilot-scale
or industrial-scale application for water purification because it avoids
downstream separating of photocatalysts from the treated water. To
further improve the photocatalytic performance, a faster flow rate
through the CPC reactor can be used to promote mass transfer, and the
immobilization of g-C3N4 on the external surface of the chitosan hy-
drogel beads should be considered in the future.

3.4. Photocatalytic performance in matrices representative of water and
wastewater treatment

To evaluate the feasibility and robustness of the CPC reactor packed
with GCHBs for pollutant removal in practice, we first tested the phenol
degradation kinetics in the real water samples collected from BRWRF
and TRWTF, both located in northern Virginia. Samples were collected
from the raw water of TRWTF before any treatment (TRWTF-1), the
final effluent of TRWTF (TRWTF-2), the effluent after membrane
bioreactor treatment in BRWRF (BRWRF-1), and the final effluent of
BRWRF (BRWRF-2). As shown in Fig. 5b, little to no inhibition was
observed in phenol degradation in most real water samples except for

Fig. 4. (a) Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) of CHBs, fresh GCHBs, and GCHBs after 6 h photocatalysis. (b)
Thermogravimetric (TG) analysis and (c) derivative thermogravimetric (DTG) analysis of g-C3N4, CHBs, fresh GCHBs, and GCHBs after 6 h photocatalysis.

Fig. 5. (a) Photocatalytic degradation rate constants of atrazine, phenol, sulfamethoxazole (SMZ), and carbamazepine (CBZ) in a 3-inch CPC reactor packed with
GCHBs and a slurry reactor under simulated sunlight irradiation (1000 W xenon lamp with an AM 1.5 G optical filter). The initial contaminant concentration was 100
μM, and the reactions were conducted in a phosphate buffer (pH 7.3, 1 mM). (b) Photocatalytic degradation rate constants of phenol in a 3-inch CPC reactor under
simulated sunlight irradiation and in a 12-inch CPC reactor under outdoor sunlight irradiation. The initial contaminant concentration was 100 μM, and the reactions
were conducted in various water samples collected from water and wastewater treatment plants. Error bars represent 95 % confidence intervals derived from
regression analysis of a single run.
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TRWTF-2. Surprisingly, photocatalytic performance was enhanced in
BRWRF-2 and TRWTF-1 by 2.2- and 1.5-fold, respectively, compared to
the benchmark reactivity tested in the phosphate buffer. This ob-
servation is mostly in agreement with our previous findings that g-C3N4

maintained its photoreactivity in complex water matrices that represent
water and wastewater treatment practices. Some important water
quality parameters could influence bead properties and contaminant-
photocatalyst interactions. For example, the ions in the water may not
only act as radical scavengers, but also block the active sites on the
GCHBs, resulting in the inhibition of photocatalytic reactivity (Farzana
and Meenakshi, 2014). The presence of dissolved organic matter (DOM)
in natural waters may enhance the photochemical transformation rate
of phenol by photolysis (Wenk et al., 2011). Thus, it requires further
exploration to understand how complex water matrices tailor the
photoreactivity.

3.5. Photocatalytic performance under natural sunlight irradiation

The 3-inch CPC reactor packed with GCHBs was next scaled up to 12
in. (Fig. 1c) and tested under the irradiation of outdoor sunlight (see
details in the SD). As shown in Fig. 5b, the phenol degradation rate
constant in the 12-inch CPC reactor during the outdoor experiment was
slightly smaller to that in the 3-inch CPC reactor under simulated
sunlight irradiation in the laboratory (1.3 × 10−4 vs. 4.1 × 10-4 L (J)-1

(g of g-C3N4)-1 for buffered water). The relatively lower phenol de-
gradation kinetics may be due to the temporal change of sunlight in-
tensity and solar zenith angle, which did not allow optimized sunlight
harvesting. In contrast, the 3-inch CPC reactor tested in the laboratory
allows beams perpendicular to the CPC reactor with maximized sun-
light collection and utilization.

3.6. Global drinking water production of the GCHBs/CPC system

To understand the practicality of our photocatalytic system for
water treatment, we estimated the capacity of the GCHBs/CPC system
for producing high-quality drinking water at a global scale. Based on
contaminant degradation kinetics in the 3-inch CPC reactors and global
solar intensity, we created a map to highlight the volume of drinking
water production per square meter of the reactor per day when 90 % of

a contaminant is degraded (Fig. 6, see details in the SD). To reach 90 %
removal of atrazine, CBZ, phenol, and SMZ, the reactor can produce
0.6–4.7, 0.8–5.9, 1.0–7.8, and 1.6–12.2 L (m2 of reactor)−1 d−1 glob-
ally, respectively. According to a recent study, 64 countries with less
than 80 % rural access to basic drinking water services have sig-
nificantly greater solar irradiation (5.59 kW h m−2 d−1) than the global
average (4.70 kW h m-2 d−1) (Chu et al., 2019). A 3D printed CPC
reactor with a surface area of 3.3 m2 or 8.8 m2 (calculated based on
SMZ or atrazine degradation kinetics, respectively), which can be in-
stalled on the rooftop for a single house (Fig. S4), can generate more
than 30 L of drinking water per day in these areas, which is sufficient
for daily drinking and food-related water consumption for 4 persons,
according to the WHO (Updated WHO/WEDC Technical Notes on
WASH in Emergencies, WHO, 2020). We also created a map based on
phenol degradation kinetics in 12-inch CPC reactor under outdoor
sunlight irradiation (Fig. S5). The results show that the scale-up of CPC
reactors could potentially achieve sustainable water treatment in the
regions where improved water treatment technologies are most needed.
Further advancement of photoreactor design and photocatalytic activity
can increase the capacity of drinking water treatment by the CPC re-
actors.

4. Conclusions

In conclusion, to promote the practicality of photocatalysis for
sustainable water treatment, we immobilized g-C3N4 on chitosan hy-
drogel beads and fabricated a scalable CPC photoreactor via 3D
printing. The photocatalytic beads (GCHBs) have a 3D mesoporous
structure with a high surface area and good mechanical and thermal
stability. The CPC reactor with GCHBs showed 2–42-fold smaller rate
constants than the slurry reactor for various contaminants degradation,
likely due to a reduced mass transfer rate or an inhibited hole-driven
photocatalysis. The CPC reactor is still advantageous because it does
not require photocatalyst separation after water treatment, and it al-
lows easy handling and reuse of the photocatalyst. Little to no inhibi-
tion of photocatalytic reactivity was observed for GCHBs in the real
water samples, implying that GCHBs were robust for water purification
in the presence of natural water constituents and foulants. Scaling up of
a 3-inch laboratory CPC reactor to a 12-inch reactor was also successful

Fig. 6. Global map of drinking water production per surface area of the reactor per day with 90 % removal of (a) atrazine, (b) CBZ, (c) phenol, and (d) SMZ. The data
were calculated based on the contaminant degradation kinetics in a 3-inch CPC reactor and the global horizontal irradiance (GHI) of sunlight. The map was created
using Esri ArcMap software. Copyright 2019 Esri and its licensors. Data on global horizontal irradiance were obtained from the World Bank (Global Solar Atlas,
2020). GHI data at 30″ resolution between 60 °N and 45 °S were obtained from the Global Solar Atlas. Latitudes outside this range (continents with white back-
ground) are not available due to the limitation of satellite imagery accuracy.
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for contaminant degradation under sunlight. Moreover, drinking water
production capacity was estimated at a global scale, by assuming 90 %
removal of contaminants, and a CPC reactor size of 3.3–8.8 m2 was
sufficient to generate sufficient water for family use in most areas
where have limited access to basic drinking water service. Our work of
CPC reactor design with immobilized photocatalysts presents a step
forward in the development of a scalable and sustainable platform for
generating high quality potable water by using renewable solar energy.
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