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ABSTRACT: Efficient heterogeneous and metal-free photo-
catalysts have recently been targeted as reusable materials for
pollutant remediation. However, poor light penetration into
photocatalytic materials currently limits modern photocatalytic
systems due to uneven performance across the photocatalytic
material and inefficient light usage. Here, we present a classical
photocatalytic polymer hydrogel composed of a high transmittance
polymer network and small conjugated photocatalytic moieties.
Radical copolymerization of a photocatalytically active benzothia-
diazole acrylamide monomer with water-compatible N,N-dime-
thylacrylamide produced a photocatalytic hydrogel where only the
photocatalytic moiety absorbs visible light. The photocatalytic
hydrogel network enables easy partitioning of pollutants into the gel network, where they are photocatalytically degraded. The
versatility and reusability of the photocatalytic material were demonstrated for degradation of both inorganic metal and organic
contaminants, including N-(phosphonomethyl)glycine (glyphosate), the most commonly used herbicide. Furthermore, the potential
of this material was explored in large-scale experiments, where glyphosate could be readily photodegraded at a half liter scale.

■ INTRODUCTION
Sunlight is an abundant and renewable energy source that can
be utilized to facilitate a broad range of chemical reactions.
Inspiration can be taken from nature, where sunlight is used as
a clean energy source in photosynthesis. To mimic this natural
process, numerous heterogeneous photocatalytic materials
have been produced and implemented into a wide range of
chemical applications, including water splitting,1−7 photoredox
reactions,8−13 CO2 reduction,14−17 photodynamic ther-
apy,18−21 and wastewater purification.22−26

Wastewater treatment is an important part of a sustainable
water management and integral for an ever-increasing global
population. The recycling of water by purification through
separation or degradation of pollutants is therefore essential.
Unfortunately, conventional sewage treatment systems are not
able to efficiently remove new emerging molecular pollu-
tants.27,28 Photocatalysis has therefore received increasing
attention for water contaminant degradation.23−26 Photo-
catalysis enables ecologically friendly wastewater purification,
by photodegradation, facilitated by the generation of highly
oxidizing species. Previously, heterogeneous photocatalysts
have been used for wastewater treatment based on different
materials ranging from inorganic materials such as TiO2 to
nanodots and conjugated polymers.29−33

Nevertheless, one of the most prominent drawbacks of
heterogeneous photocatalytic materials is the low photon
penetration depth into the photocatalytic material. A low and
uneven irradiation is often observed in bulk applications,

lowering overall irradiation efficiency and, therefore, photo-
degradation.34−37 This may be due to light incident on the
heterogeneous material being scattered. Furthermore, light
penetration into heterogeneous photocatalytic materials is
often limited, leading to inefficient usage of the photocatalytic
material, especially in large-scale applications. This poor
penetration may be due to the absorption of light by
nonphotocatalytically active materials.
Ideally, a heterogeneous photocatalytic system for water

purification would be created that could be easily recovered
and reused. Furthermore, visible light incident on the material
should be homogeneously absorbed across the photocatalytic
material and not be obstructed by the supporting structure.
Additionally, the photocatalytic material must be compatible
with aqueous environments, allowing for easy partitioning of
reagents into and out of the photocatalytic material. Therefore,
the synthesis of a high transmittance, hydrophilic, porous
substrate in combination with a homogeneously distributed
photocatalytic moiety may yield more efficient photocata-
lysts.38−42
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Hydrogels are hydrophilic networks, which contain over
90% water, and have a high biocompatibility and allow for easy
substrate diffusion into the material. As a result, hydrogels have
been widely studied for biomedical applications, including drug
delivery.43−45 Moreover, transparent hydrogels have been used
in soft contact lenses.44,46,47 Compared to rigid porous
polymers, hydrogels can often be more readily swollen in
water. This swollen network allows for easy diffusion of
molecules into the gel network. As a result, hydrogels have
been studied for use in wastewater remediation, as their
properties allow for the absorbance of dyes and org.
pollutants.48,49 Hydrogels can easily be synthesized through
radical polymerization without need for exceedingly toxic
materials or heavy metals. Therefore, transparent hydrogels
would be a desirable polymer matrix for the incorporation of
the photocatalyst. Recently, our group has described the
synthesis of a new class of photocatalytic classical poly-
mers.50−52 The copolymerization of photocatalytic small
molecules, modified with vinyl functionality, and classical
monomers, combines the versatility of classical polymers with
photocatalytic activity. This combination produces a new
hybrid material class of photocatalytically active polymers.53

Here, we have designed photocatalytic hydrogels, where
only the photocatalytic moieties absorb visible light, as
illustrated in Scheme 1. The copolymerization of photo-

catalytic small molecules with classical monomers produces
highly efficient photocatalytic gels. A N,N-dimethylacrylamide
(DMAA)-based gel was selected due to the high transmittance
of visible light through the gel, allowing more energy to be
available for the photocatalytic units. A donor−acceptor type
photocatalytic unit containing benzothiadioazole (∼2 mol %)
was copolymerized into the gel material, with leaching of the
photocatalytic unit inhibited. Due to its intrinsic properties, the
hydrogel allows for a high substrate diffusion into the substrate,
while the high transmittance of the polymer network does not
interfere with the absorbance properties of the photocatalytic
units. The photocatalytic hydrogel was used for the photo-
degradation of model wastewater pollutants. To showcase the
broad application range and versatility, the photocatalytic
hydrogel was investigated for the photo-oxidation of N-
(phosphonomethyl)glycine (glyphosate), rhodamine B, and
organic sulfurs as well as the photoreduction of inorganic
pollutants, namely, heavy metal contaminants in the form of
chromium (VI). Furthermore, the scalability of the material

was investigated for gram-scale photodegradation of glyph-
osate.

■ EXPERIMENTAL SECTION
Materials. 4,7-Dibromobenzo[c][1,2,5]thiadiazole was purchased

from Combi-Blocks. Phenylboronic acid was purchased from TCI
Germany. Tetrakis(triphenylphosphine)palladium(0), 4-aminophe-
nylboronic acid pinacol ester, acryloyl chloride, rhodamine B,
dimethylacrylamide, N,N′-methylenebisacrylamide, DMSO-d6, deute-
rium oxide, and 4-methoxyphenyl methylsulfide were purchased from
Sigma-Aldrich. DCM-d2 was purchased from Deutero. Methyl phenyl
sulfide, 4-methylphenyl methyl sulfide, and 4-chlorophenyl methyl
sulfide were purchased from Alfa Aesar. N-(Phosphonomethyl)glycine
was purchased from Molekula and chromium trioxide from Acros
Organics. All the chemicals and solvents were used without
purification.

Characterization. 1H, 13C, and 31P NMR spectra were measured
using a Bruker Avance 300 MHz. The solid-State 13C CP MAS NMR
measurement was carried out using a Bruker Avance II solid-state
NMR spectrometer operating at 300 MHz. FT-IR measurements were
conducted with a Bruker Tensor II FTIR spectrometer. Gas
chromatography was performed on a Shimadzu GC-2010 plus gas
chromatograph and analyzed with a QP2010 ultra mass spectrometer.
Fluorescence microscopy was performed on a Leica DMi8 inverted
light microscope. UV/Vis-absorption spectra were measured on a
Cary 60 UV−Vis/NIR spectrometer. For cyclic voltammetry
measurements, a Metrohm Autolab PGSTAT204 potentiostat/
galvanostat, with a glassy carbon electrode as the working electrode,
Hg/HgCl2 electrode as the reference electrode, and a platinum wire as
the counter electrode, was used. DFT calculations were carried out
using the Gaussian 09 (rB3LYP, basis set: 6-31G).

Synthesis of PDMAA-BTPh2. DMAA (0.2 g, 2.0 mmol), N,N′-
methylenebisacrylamide (6.2 mg, 40.3 μmol), and N-(4-(7-
phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide (14.4 mg,
40 μmol) were dissolved in 1 mL of DMF. AIBN (3.31 mg, 20
μmol) was added, and the solution was degassed using argon. The
solution was heated at 80 °C overnight. The resulting polymer was
excessively washed with THF and purified via dialysis against water/
LiCl and pure water.

Synthesis of Linear-PDMAA-BTPh2. DMAA (0.2 g, 2.0 mmol)
and N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide
(14.4 mg, 40 μmol) were dissolved in 1.5 mL of DMF. AIBN (3.31
mg, 20 μmol) was added, and the solution was degassed using argon.
The solution was heated at 80 °C overnight. The resulting polymer
was precipitated in diethyl ether. Mn (14,403 g/mol) D 2.8.

Rhodamine B Degradation. To a rhodamine B solution (100
mg/L) in 4 mL of water, the hydrogel (29 mg, photocatalyst 1.9 mol
%, 5.2 μmol) was added. The vial was irradiated with blue LED light
(power: 0.16 W cm−2, λ 460 nm) under stirring. UV/Vis samples
were taken periodically to track the degradation rates of the dye.

Photoreduction of Chromium Trioxide. To a CrVI+O3 solution
(25 mg/L, 0.125 mg, 1.25 μmol) in 5 mL of water, the hydrogel (15
mg, photocatalyst 1.9 mol %, 2.7 μmol) was added. The solution was
degassed by nitrogen bubbling and irradiated with a blue LED light
(power: 0.16 W cm−2, λ 460 nm). The CrVI concentration was
determined via UV/Vis absorbance using a diphenylcarbazide
solution in acetone (0.25 wt %). Therefore, 0.5 mL of the CrVI+O3
solution was centrifuged and added to 5 mL of 0.2 M H2SO4.
Diphenylcarbazide (0.1 mL) was added, stirred for 2 min, and
monitored through UV/Vis spectroscopy.

Photoreduction of Chromium Trioxide Recycle Experiment.
To a CrVI+O3 solution (25 mg/L, 0.125 mg; 1.25 μmol) in 5 mL of
water, the hydrogel (15 mg photocatalyst 1.9 mol %, 2.7 μmol) was
added. The solution was degassed by nitrogen bubbling and irradiated
with a blue LED light (power: 0.16 W cm−2, λ 460 nm) for 2 h. The
CrVI concentration was determined after 2 h as mentioned above.
New CrVI+O3 solution was added, and the experiment was repeated
for five cycles.

Scheme 1. High Transmittance Photocatalytic Hydrogels
Allow for Easy Light Penetration into the Photocatalytic
System for Efficient Water Remediation; Light Is Not
Reflected or Absorbed by the Polymer Network and Is,
Therefore, Available for Photocatalytic Reactions
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Photodegradation N-(phosphonomethyl)glycine. To D2O (5
mL), N-(phosphonomethyl)glycine (12.5 mg; 74 μmol), NaOH (400
μL, 2 M), and the hydrogel (25 mg, 1.9 mol % photocatalyst 4.5
μmol) or linear-PDMAA-BTPh2 (25 mg) were added. The mixture
was bubbled with O2 under stirring for 5 min. The vial was then
irradiated with blue LED light (power: 0.16 W cm−2, λ 460 nm)
under an oxygen atmosphere. The sample was centrifuged and
analyzed via 31P NMR.
Large-Scale Photodegradation of N-(Phosphonomethyl)-

glycine. To H2O (500 mL), N-(phosphonomethyl)glycine (1 g; 5.9
mmol), NaOH (40 mL, 2 M) and the hydrogel (2.5 g, 1.9 mol %
photocatalyst 450 μmol) were added. The mixture was bubbled with
O2 under stirring for 30 min. The flask was then irradiated with blue
LED lights (power: 0.16 W cm−2, λ 460 nm) under an oxygen
atmosphere. Samples were taken every 5 h and freeze-dried. The
residue was taken up in 1 mL of D2O, centrifuged, and analyzed via
31P NMR.
Photo-oxidation of Methyl Phenyl Sulfide or Its Derivatives.

Methyl phenyl sulfide or its derivatives (30 mM) and the
photocatalytic hydrogel (10 mg, photocatalyst 1.9 mol %, 1.8 μmol
photocatalyst) were dispersed in 10 mL of water. The mixture was
bubbled with O2 under stirring. The vial was irradiated with blue LED
light (power: 0.16 W cm−2, λ 460 nm) for 22 h. The sample was
extracted with DCM and dried over MgSO4. Products and conversion
were determined by GC−MS and purified via column chromatog-
raphy (PE/EtAc = 1:1).
Scavenger Test. Methyl phenyl sulfide (30 mM), scavenger (45

mM), and photocatalytic hydrogel (10 mg, photocatalyst 1.9 mol %,
1.8 μmol photocatalyst) were dispersed in 10 mL of water. The
mixture was bubbled with O2 under stirring. The vial was irradiated
with blue LED light (power: 0.16 W cm−2, λ 460 nm) for 22 h. The

sample was extracted with DCM and dried over MgSO4. Products and
conversion were determined by GC−MS.

■ RESULTS AND DISCUSSION

Photocatalytic hydrogels were synthesized using radical
polymerization, allowing for a quick and cost-efficient
synthesis. The hydrogel matrix was constructed from DMAA
and cross-linked using N,N′-methylenbisacrylamide (Figures
1a and S1). This gel network was selected due to its high
transmittance of visible light, preventing energy loss due to
light scattering and absorption of nonphotocatalytically active
portions of the hydrogel (Figure 1b). The absorbance of the
polymer matrix was analyzed via transmittance measurement
displaying a high transmittance of 95−99% between 400 and
800 nm, while in the UV region below 400 nm, the hydrogel
absorbance increases (Figure 1c).
The N-(4-(7-Phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)-

acrylamide photocatalytic monomer was copolymerized into
the hydrogel network (Figures S2 and S3), leading to a high
transmittance photocatalytic hydrogel. The photocatalytic
monomer displayed a peak absorption at 400 nm with the
absorption extended to 470 nm (Figure 1c). The photo-
catalytic monomer was designed and synthesized to include
acrylamide functionality to ensure that the propagation rate of
polymerization for each monomer was in the same order of
magnitude, which is integral to produce a homogenous
photocatalytic hydrogel. Density functional theory (DFT)
calculations of the photocatalytic monomer were used to

Figure 1. High transmittance hydrogel (a) molecular structure of the designed hydrogel, (b) synthesized high transmittance photocatalytic
hydrogel, (c) calculated HOMO/LUMO Level, (d) (red) transmittance spectra of the hydrogel without the photocatalyst and (black) absorbance
spectra of the photocatalyst. (e) FTIR of the photocatalytic hydrogel and the synthesized photocatalytic monomer.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c02180
Chem. Mater. 2021, 33, 9131−9138

9133

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02180/suppl_file/cm1c02180_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02180/suppl_file/cm1c02180_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02180?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


predict the energy and electron density of the highest occupied
molecule orbital (HOMO) and lowest unoccupied molecule
orbital (LUMO) (Figures 1c and S4). The HOMO and
LUMO levels were 1.42 and −1.75 V versus SCE, respectively.
From cyclic voltammetry, the LUMO level of the photo-
catalytic hydrogel was determined to be −1.30 versus SCE,
similar to the calculated value (Figure S5). The difference in
measured and calculated LUMO levels is believed to be due to
the calculated value being for the monomer, not for the
polymerized form. Previously published DTF calculation and
CV measurements of vinyl functionalized benzothiadiazol
monomers display comparable HOMO/LUMO energies,
indicating stable energy levels regardless of the chosen
functionalization.51 This enables different functionalities to
be incorporated and copolymerization with various monomers
with differing propagation rates to be achieved.
To verify the inclusion of the photocatalytic monomer

within the polymer, solid-state NMR (ssNMR) and Fourier
transform infrared (FTIR) spectroscopy were carried out. 13C-
ssNMR spectroscopy shows a peak at 37 ppm corresponding
to the polymer backbone and the methylamine groups. A
strong peak was observed at 175 ppm due to the carbonyl
group of each monomer. Aromatic peaks are observed between
125 and 160 ppm, which correspond to the photocatalytic
monomer, showing that the active unit is indeed within the
polymer hydrogel (Figure S6). FTIR analysis of the photo-
catalytic hydrogel and the photocatalytic monomer was
undertaken (Figures 1e and S7). FTIR shows peaks at 2930
cm−1 for the −CH2 and −CH3 stretch vibration. The peak at
1620 cm−1 can be assigned to the stretching of the
carboxamide. Signals at around 1500 cm−1 are attributed to
the −CH3 deformation, while the band at around 1260 cm−1 is
due to C-N stretching. Due to the low concentration of
photocatalytic moiety within the hydrogel (1.9 mol %), the
peaks corresponding to the conjugated photocatalytic mono-
mer are not easily discerned.
UV/Vis absorbance spectra of the dried hydrogel showed

peak absorption at 420 nm extending to 510 nm, indicating a
red shift compared to the pure photocatalytic monomer in
DMSO (Figure S9). To further analyze the photocatalytic
behavior of the synthesized hydrogel, photocurrent measure-
ments were conducted (Figure S10). In five repeating cycles, a
photoinduced conductivity was measured, presenting a clear
photoresponsive behavior.
The dried photocatalytic hydrogel readily swells in water.

The degree of swelling was determined by fluorescence
spectroscopy. Here, the photocatalytic units incorporated
into the gel network enable easy monitoring of the swelling
process. The photocatalytic hydrogel swelled in water by a
factor of 2.5 within 30 s (Figure S11), and as expected, we see
an even distribution of the photocatalyst across the gel
network. Furthermore, no leaching of the photocatalytic
moiety was observed during the swelling process. The degree
of swelling of the hydrogel was obtained over three swelling
cycles, where the weight gain was measured and the water
content was determined, showing that the fully swollen gel
reaches a water content of 92% (Figures S12 and 13).
Water pollutants can be classified into two categories,

organic and inorganic. Here, we have determined the potential
of the high transmittance photocatalytic hydrogel for
remediation of both pollutant classes. Initially, we investigated
the degradation of organic pollutants, including small molecule
pollutants and industrially relevant agrochemical-based water

pollutants. The photocatalytic degradation of an organic dye
molecule, rhodamine B, was undertaken. Here, over 95% of the
aqueous organic dye was removed within 4 h (Figures S14 and
S15) in the presence of the photocatalytic hydrogel. Following
the successful degradation of simple dye molecules, the
remediation of organosulfur containing compounds was
targeted.
Organic sulfur-containing compounds are emerging pollu-

tants in wastewater due to their increased presence in drug
molecules.24,28,29 As a model methyl phenyl sulfide and its
derivative were oxidized, as seen in Table 1. Over 99%

conversion was obtained for the oxidation of methyl phenyl
sulfide, with a selectivity of 98:2 toward the mono-oxidized
sulfoxide. Furthermore, functional group tolerance was
observed in reactions with substituted methyl phenyl sulfide
molecules with only small changes in the selectivity (Table 1
and Figures S16−S23). All reactions could be conducted with
low concentrations of the photocatalyst (sulfide 30 mM,
hydrogel 10 mg, 1.9 mol % photocatalyst, 1.8 μmol) and with
high conversions. Here, sulfide oxidation was found to be
comparable to previously reported photocatalytic classical
polymers in the absence of oxidants.52 Furthermore, the
hydrogel described here performed similarly to metal-based
Bi4O5Br2 photocatalysts under blue light irradiation. Con-
versely, to the hydrogel-based systems TiO2 based photo-
catalysts could be used for this reaction upon visible light
irradiation.54 Scavenger tests were performed to show that the
oxidation observed is indeed photocatalytically driven. As
expected, in the absence of light, oxygen, or photocatalyst, no
conversion was detected (Table 1). Benzoquinone, sodium
azide, potassium iodide, isopropanol, and copper chloride were
used as a superoxide, singlet oxygen, vacant hole, hydroxyl
radical, and electron scavengers, respectively. Here, scavengers
for superoxide, single oxygen, and the vacant hole species had
the highest impact on conversion. In the presence of
benzoquinone, a superoxide (O2

−.) scavenger, the conversion
to sulfoxide was reduced by 75%, whereas the addition of
sodium azide did not decrease the conversion but led to a
higher yield of the sulfone species (Figure S24).
Further to organic pollutants, inorganic pollutant remedia-

tion was also investigated. Next to organic compounds, heavy
metals are one of the most common pollutants in industrial
wastewater.55−57 CrVI is a nonbiodegradable pollutant and can

Table 1. Photocatalytic Oxidation of Methyl Phenyl Sulfide
Through the Photocatalytic Hydrogel under Various
Conditionsa

number condition conversion

1 R = −H <99% (98:2)
2 no light 0%
3 no photocat 0%
4 no oxygen 2% (100:0)
5 R = −Me <99% (94:6)
6 R = −OMe <99% (95:5)
7 R = −Cl <99% (93:6)

aSulfide (30 mM), hydrogel (10 mg, 1.8 μmol photocatalyst), 10 mL
H2O, conversion determined by GC−MS.
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cause significant environmental damage due to its high toxicity
and cancerous properties.58,59 We have utilized the high
transmittance photocatalytic hydrogels to photoreduce CrVI to
CrIII under aqueous conditions. Water-soluble CrVI was
successfully reduced to the less toxic and water-insoluble
CrIII, allowing for an easy precipitation of the pollutant and
decontamination of the wastewater. The CrVI photoreduction
was measured by complexation of CrVI with diphenylcarbazide
and monitored using UV/Vis spectroscopy (Figure S25). CrVI

was reduced to CrIII in around 60 min under blue light
irradiation with a conversion of over 92% (Figure 2a), while

control reactions in the dark and without the photocatalyst
resulted in no conversion (Figures S26 and S27). Compared to
published water-compatible fully conjugated microporous
polyazulene photocatalysts, the photocatalytic hydrogel was
found to have a higher efficiency requiring lower amounts of
the photocatalytic active material.60,61

The reusability of the photocatalytic hydrogel was
demonstrated by conducting a recycling test for five repeating
cycles. CrVI was again photoreduced in each run without a
significant loss in efficiency, displaying that the material is

suitable for the efficient and stable heterogeneous photo-
catalyst (Figures S28 and S29).
To further demonstrate the versatility of the high trans-

mittance photocatalytic hydrogel for remediation of pollutants
in water, the photocatalytic degradation of glyphosate was
investigated. Glyphosate is a nonselective organophosphate
herbicide and the most widely used herbicide globally.62,63 Its
over usage in agriculture has led to increasing concerns
regarding dangerous levels of runoff into water systems such as
rivers, lakes, and groundwater.64,65 Glyphosate has been found
in surface and subsurface water sources and is known to be
toxic to aquatic organisms.66−69 Therefore, it is important to
produce methods that can readily degrade glyphosate in
contaminated water.
Glyphosate is stable over a wide range of possible conditions

and is not readily hydrolyzed in water.70 We have
demonstrated that high concentrations of glyphosate (2.5
mg/mL) can successfully be photodegraded, using low
amounts of the photocatalytic hydrogel (5 mg/mL, 1.9 mol
% photocatalyst, 0.9 μmol) under visible light. Over 90%
degradation was observed after 2.5 h under basic conditions,
while no significant degradation was observed under acid or
neutral conditions. The reaction progression was analyzed via
31P NMR with a glyphosate shift of 16.9 ppm, and the main
degradation product, phosphate, emerges at 2.5 ppm. NMR
analysis further indicates the existence of an intermediate at
19.3 ppm, which is likely to be (aminomethyl)phosphonic
acid.72 To investigate the time-dependent degradation, kinetic
measurement of the photodegradation of glyphosate was
conducted via 31P NMR spectroscopy, where a near-linear
degradation of glyphosate was observed (Figures 2b and S30).
Previously, degradation has been achieved using TiO2
nanoparticles in a photoreactor. Here, a much larger
concentration of TiO2 nanoparticles (6 g/L) was required to
achieve similar results as the hydrogel presented in this study.30

Furthermore, previous pure organic systems have been shown
to be insufficient for photocatalytic degradation of glyphosate,
where BiO4/PDA/g-C3N4 hybrid systems were required.71

Large-scale photocatalytic batch reactions are generally
hindered by low light penetration depth and light scattering
upon the heterogeneous photocatalyst leading to low overall
efficiency. The high transmittance values of the synthesized
hydrogel substrate should mitigate these issues, therefore,
enabling large-scale photocatalysis. To showcase this, large-
scale photodegradation of glyphosate was conducted (Figures
3 and S31) in a half liter batch reaction, and 1 g of glyphosate
was photodegraded using the photocatalytic hydrogel leading
to 60% conversion in the first 25 h and 78% after 45 h. Here,
we observed an initial high rate of photodegradation that
slowed overtime as the concentration of glyphosate decreased.
The photocatalytic network produced in this study provides

a readily recoverable heterogeneous photocatalyst. However,
the gel network produced in this study requires the diffusion of
reagents into the network for degradation. To investigate the
effect the diffusion has on the degradation rate of glyphosate, a
linear polymer was synthesized. Here, the photocatalytic
monomer was copolymerized with DMAA in the same ratio
as in the hydrogel without usage of a cross-linker and was
analyzed via H NMR and GPC (Figures S34 and S35). The
photodegradation of glyphosate using the linear PDMAA
shows a similar linear degradation with full conversion in under
120 min (Figures S36 and S37). The linear photocatalytic
polymer had a slightly faster rate of degradation when

Figure 2. Photodegradation of glyphosate and chromium by the
photocatalytic hydrogel: (a) chromium photoreduction over time
under a N2 atmosphere measured at 542 nm by complexation with
diphenylcarbazide and (b) glyphosate degradation over time
monitored via 31P NMR.
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compared to the polymer gel network. However, the
photocatalytic polymer hydrogel is much easier to recover
making it a more favorable material for long-term use.

■ CONCLUSIONS
In summary, we present the radical copolymerization of a
photocatalytic monomer into a highly transparent cross-linked
hydrogel. This nontoxic water-compatible photocatalytic
hydrogel has easily accessible photoactive centers within a
high transmittance network. The transmittance of visible light
to the active sites enables homogeneous photocatalysis over
the whole material, as the polymer network does not interfere.
This classical polymer photocatalyst was used for efficient
water remediation of common pollutants in wastewater. We
showcased the photoreduction CrVI and the photodegradation
of glyphosate under visible light irradiation. Furthermore, high
transmission hydrogels could be used on large scales, with
glyphosate degradation conducted on the half liter scale. The
combination of classic polymers with small molecule photo-
catalysts enables the production of tunable functional materials
that can be used for a range of applications including
wastewater remediation. The reported material could be used
for the remediation of various wastewater compounds, while
allowing for easy recycling of the bulky material. The created
hydrogel allows for the fast uptake of wastewater pollutants
and the rapid remediation. The bulky material further only

possesses a small amount of the photocatalytically active
material, allowing for easy handling and scale up.
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