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CdS quantum dots (CdSQDs) were generated inside the network structure of poly (N-isopropylacrylamide)-
co-(acrylic acid) (pNIPAm-co-AAc) microgels and their ability to photocatalytically degrade organic dyes
was evaluated using rhodamine B (RhB). The microgel-stabilized CdSQDs were generated by first
enriching the microgels with Cd?* followed by their reaction with Na,S. The resultant microgels were
characterized, and the CdSQDs were found to be distributed throughout the microgels. We went on to
show that the hybrid microgels exhibited photocatalytic properties by exposing them to a solution of
RhB followed by exposure to UV irradiation. We found that the hybrid microgels were able to degrade
the RhB, while native microgels without CdSQDs present were not capable of the same behavior. Due to
the thermo- and pH-responsivity of pNIPAm-co-AAc-based microgels their ability to degrade RhB was
also evaluated as a function of environmental temperature and solution pH. We showed that the removal
efficiency was highest when the microgels were in their swollen state, which we attribute to more
effective mass transfer of the RhB inside the microgels when their porous structure is expanded. Finally,
we show that the hybrid microgels can be reused multiple times, although their photocatalytic
degradation ability decreases the more they are used, which may be a result of the aggregation and
decomposition of the CdSQDs. We conclude that this approach is an effective means of removing RhB
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Introduction

The dumping of industrial waste (e.g., organics and heavy
metals) into the environment without treatment has had
significant (and often irreversible) negative impacts on vegeta-
tion, wildlife and those that live in the region of the release. Due
to a lack of government oversight, these issues disproportion-
ately affect those in developing countries. To help mitigate the
impacts of the release of these environmental pollutants on the
environment, significant research has looked into the devel-
opment of technologies that can be used to treat environmental
contaminants before they are released."” Indeed, many tech-
nologies have been introduced to remove contaminants from
water streams, although semiconductor photocatalysis has
attracted significant attention due to its ability to use sunlight
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from water, which may be modified to photodegrade a variety of other organic compounds.

as the energy source for decomposing organic compounds.>*
Related to this, a variety of materials/agents capable of photo-
catalytic degradation have been identified, e.g., simple oxides
(BiyO3),* complex oxides (Bi,WOg),” and nitrides (C3N,).® Of
interest to this study are CdS quantum dots (CdSQDs) that are
known for their unique electronic and optical properties and
light-driven production of reactive oxygen species (ROS).” It
has been shown that the ROSs can degrade pollutants ulti-
mately producing H,O and CO,.">** However, due to their high
specific surface area, CdSQDs are not colloidally stable, and
readily aggregate and precipitate in solution. Thus, surface
modification of CdSQDs has been used to stabilize the particles
and prevent their aggregation."**

Here, we show that stimuli-responsive polymers can be
used as stabilizers for CdSQDs and the resultant materials
used to degrade organic compounds upon exposure to light.
Since their discovery, stimuli-responsive polymers have been
used for a variety of applications mainly due to their ability to
“sense” their environment and “react” to it chemically and/or
physically.***¢ Of the various stimuli-responsive polymers,
poly(N-isopropylacrylamide) (pNIPAm) has received the most
attention, and has previously been used to stabilize nano-
particles.'”*® pNIPAm is well known to be thermoresponsive,

This journal is © The Royal Society of Chemistry 2018
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exhibiting a lower critical solution temperature (LCST) and
collapsing/deswelling above 32 °C in water. The deswelling/
reswelling process is fully reversible over many cycles.
pNIPAm-based networks can also be generated via polymer-
ization in the presence of a crosslinker. Furthermore,
colloidally stable pNIPAm-based nano and micro particles
(nanogels/microgels, respectively) can also be generated,"
and multiple responsivities can be introduced into the
microgels via copolymerization with functional mono-
mers.">?° Previous studies in our group and by others have
shown that pNIPAm-based microgels can serve as pH- and
thermosensitive absorbents for the removal of organic dyes
from water, e.g., Orange I1.>*>* Furthermore, these additional
functional monomers have also been used to introduce
nanomaterials into their network structure. For instance,
PNIPAm microgels have been loaded with semiconductor
nanomaterials, e.g., CdSe/CdS nanoparticles, via simple
mixing.> The hybrids can exhibit both the photophysical
properties of the nanomaterial and thermoresponsivity. In
a previous study, we also showed that pNIPAm-co-acrylic acid
(pPNIPAm-co-AAc) microgels could be used as a scaffold for the
in situ generation of Ag nanoparticles, which we showed
could be used as a colorimetric sensor for H,0,.>® Although
many have generated semiconductor nanomaterials in
pNIPAm-based microgels,>**” we are not aware of any
previous reports of their use as a photocatalyst for degrada-
tion of water pollutants.

In this investigation, we show that pNIPAm-based micro-
gels can be used as a scaffold for the generation and stabili-
zation of CdSQDs; we hypothesize that the resultant microgels
will be capable of UV-stimulated degradation of the dye,
rhodamine B (RhB). Specifically, we propose an in situ
synthetic route for the preparation of CdSQDs@pNIPAm-co-
AAc hybrid microgels. Cadmium ions were first enriched in the
microgels through deprotonation of the pNIPAm-co-AAc
microgels. CdSQDs were subsequently generated in the pNI-
PAm-co-AAc microgels utilizing a previously reported hydro-
thermal method.*® The hybrid materials were also shown to
exhibit UV-stimulated photocatalytic degradation of RhB. This
concept can be further modified in the future to allow
sunlight-driven degradation of other contaminations or anti-
microbial activity.

Experimental section
Materials and methods

N-isopropylacrylamide was purchased from TCI (Portland, OR)
and purified by recrystallization from hexanes (ACS reagent
grade, purchased from EMD, Gibbstown, OR, USA). N,N-Meth-
ylenebisacrylamide (BIS), acrylic acid (AAc), ammonium per-
sulfate (APS), cadmium chloride (CdCl,), sodium hydroxide
(NaOH), hydrochloric acid (HCl), sodium sulfide (Na,S) and
RhB were purchased from Sigma-Aldrich (Oakville, ON).
Microgel samples were lyophilized using a VirTis bench-top K-
manifold Freeze Dryer (Stone Ridge, New York, USA). Deion-
ized (DI) water with a resistivity of 18.2 MQ c¢cm was obtained
from a Milli-Q Plus system (Billerica, MA, USA).
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Synthesis of pNIPAm-co-AAc microgels

PNIPAm-co-AAc microgels were synthesized via surfactant-free,
free radical precipitation polymerization, as previously
described.***® The monomer, NIPAm (10.54 mmol), and the
crosslinker, BIS (0.703 mmol), were fully dissolved in water (99
mL) with stirring in a beaker for 1 h. The mixture was then
filtered through a 0.2 um filter affixed to a 20 mL syringe into
a 250 mL, 3-necked round bottom flask. The flask was then
equipped with a thermometer, a condenser/N, inlet/outlet, and
a stir bar. The monomer solution was bubbled with N, gas for
~1 h while stirring and heating to 70 °C. AAc (2.812 mmol) and
APS (0.046 g in 1.0 mL water) was then added to the pre-heated
solution, respectively. The reaction continued for 4 h. After
cooling down, the turbid solution was filtered through glass
wool to remove any large aggregates. The coagulum was rinsed
and the collected liquid was diluted to 100 mL. Aliquots of the
microgel solution (33 mL) were centrifuged at a speed of 10 000
relative centrifugal force (RCF) at 20 °C for 45 min. The
microgels were isolated and redispersed to their original
volume (~33 mL) with DI water. This centrifugation/
resuspension procedure was repeated 6 times. Finally, all of
the centrifuged particles were combined into one tube and
diluted to 30 mL with DI water for storage. The microgel yield
was estimated to be 80%, which was determined by lyophilizing
1 mL of the 30 mL stock solution and dividing it by the sum of
the mass of NIPAm, BIS and AAc that is expected to be in that
1 mL aliquot (i.e., 3.3% of total mass of those components
added to the initial reaction solution). The final concentration
of the 30 mL stock microgel solution was 40 mg mL ™.

Synthesis of CdSQDs@pNIPAm-co-AAc hybrid microgels

CdSQDs@pNIPAm-co-AAc hybrid microgels were prepared
according to a previously reported method modified with a final
hydrothermal treatment.>”?® Typically, 25 mL of the 40 mg mL ™"
microgel stock solution was used and its pH was adjusted to 8.3
by addition of NaOH followed by equilibration for 1 h. The
resulting microgel solution was mixed with CdCl, solution
(500 mM, 25 mL) and incubated with gentle shaking overnight
to allow for the ion exchange between Na* and Cd>". The solu-
tion was then washed by centrifugation and resuspension in DI
water 6 times to remove any unbound Cd>". Then, 25 mL of the
purified Cd**-loaded microgel solution and 175 mL of DI water
were combined into a three-necked round bottom flask (500
mL) equipped with a thermometer, a condenser/N, inlet/outlet,
and a stir bar. The solution was bubbled with N, for 1 h and
heated to 80 °C followed by the drop-wise addition of 25 mL of
a 500 mM Na,S solution. After adding Na,S, the reaction was
allowed to proceed for an additional 2 h and the color of the
solution changed to yellow. Finally, the cooled solution was
washed by centrifugation and resuspension in DI water 6 times
to yield the purified CdSQDs@pNIPAm-co-AAc hybrid micro-
gels. The resultant microgel solutions were combined into one
tube and diluted to 25 mL with DI water for storage. The
concentration of the hybrid microgels was estimated to ~40 mg
mL ™, which was determined by lyophilizing 1 mL of the 25 mL
stock hybrid microgel solution.

RSC Adv., 2018, 8, 16850-16857 | 16851
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Photocatalytic degradation of RhB

The photocatalytic activity of CdSQDs@pNIPAm-co-AAc hybrid
microgels was assessed by degradation of RhB under a 350 W
UV lamp at 10 °C. 15 mL of RhB solution (0.021 mmol L™, pH
7.0) was pipetted into a Petri dish (diameter: 140 mm) and
magnetically stirred (500 rpm). Then, 0.40 g of the hybrid
microgels (10 mL) was introduced into the Petri dish. The
distance between the Petri dish to the light source was fixed at
5 cm. During the irradiation, sampling (200 pL) was done at 1 h
intervals. The RhB degradation efficiencies (eqn (1)) in samples
were determined by recording variations of the UV-vis absorp-
tion band maximum (553 nm). It follows from the Beer—
Lambert law (A = ebc, A: absorbance; ¢: molar absorptivity; b:
light path length; c: concentration) that concentration and
absorbance are directly related, hence degradation efficiencies
can be calculated by simply considering variations in
absorbance.

Removal efficiency = 1 — ¢/cg =1 — AlAg €))]

where C, and C were attributed to the concentration of RhB
before and after photocatalysis, respectively, while 4, and A
were assigned to the absorbance of RhB at 4553 before and after
photocatalysis, respectively.

Characterization

UV-vis absorption spectra of CdSQDs@pNIPAm-co-AAc hybrid
microgels were recorded on a Hewlett Packard 8453 UV-vis
Spectrophotometer (USA). The size and morphology of
CdSQDs@pNIPAmM-co-AAc hybrid microgels were determined at
60 to 120 kV accelerating voltage by a Hitachi H-7650 trans-
mission electron microscope (TEM, Japan), and the electron
diffraction pattern for the composite microgels was also
measured. X-ray photoelectron spectroscopy (XPS) was per-
formed on a Kratos AXIS Ultra spectrometer equipped with
a monochromated Al Ko (hv = 1486.6 eV) X-ray source (Kratos
Analytical, UK). A Rigaku XRD Ultima IV (Japan) using Cu Ko X-
ray source (40 kv, 44 mA) and continuous scan mode was used
to collect data, which was examined using JADE software.
Samples for Raman spectroscopy were placed onto 2 cm? glass
slides. Measurements were conducted using a Senterra Raman
spectrometer (Bruker, USA) equipped with a laser diode (A = 785
nm) of 10 mW laser power. Mass spectrometry was used to
analyze the photodegradation products of RhB using a Voyager
Elite MALDI-TOF mass spectrometer (AB Sciex, Canada)
equipped with a pulsed nitrogen laser (337 nm, 3 ns pulse).

Results and discussion

The in situ synthetic route for generating CdSQDs@pNIPAm-co-
AAc hybrid microgels is shown schematically in Scheme 1. The
pNIPAm-co-AAc microgels were composed of COOH groups that
could be deprotonated by increasing the solution pH above the
PK, for AAc (4.25), which rendered them negatively charged. The
negative charges in the pNIPAm-co-AAc microgels could
increase the interaction strength of the microgels with the Cd>*
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allowing its enrichment in the microgels.”” As detailed in the
Experimental section above, the microgels were then washed 6
times, and the Cd*"-loaded pNIPAm-co-AAc microgels subse-
quently exposed to $>~ to form CdSQDs.

The morphology of the CdSQDs@pNIPAm-co-AAc hybrid
microgels was determined using TEM imaging (Fig. 1A and B).
As can be seen, the microgel scaffold has a low TEM contrast
and a diameter of ~700 nm. The images also showed that each
microgel contained between 100-200 nanoparticles with
a diameter of 8.0 £+ 2.5 nm (Fig. S11). Of note, the location of
a considerable number of particles are distributed around the
edges of the microgels, possibly due to the steric hindrance of
the Cd>" and/or S*>~ entering the “core” of the microgels. The
formation of CdSQDs inside the pNIPAm-co-AAc microgels was
subsequently investigated using selected area electron diffrac-
tion (SAED). The SAED pattern of the composite microgels
(Fig. S27), revealed the polycrystalline nature of CdSQDs in the
microgels, which was further investigated using XRD analysis.
As can be seen in Fig. 1C, the native microgels exhibited broad
peaks 17°, 34° and 40°, showing amorphous phases from the
polymer.** After the generation of CdSQDs in the pNIPAm-co-
AAc microgels, a series of new sharp and intense peaks ranging
from 20° to 60°, appeared (Fig. 1D), due to the presence of
polycrystalline CdSQDs.”?® Fig. 2A shows the XPS spectra of
CdSQDs incorporated in pNIPAm-co-AAc microgels, exhibiting
two peaks at 412.2 eV and 405.9 eV, which are attributed to Cd
3ds/, and Cd 3ds),, respectively, indicating the Cd** oxidation
state.®® Also, the high-resolution XPS spectrum of S 2p exhibited
the expected peaks at 162.1 eV (2py5,) and 161.2 eV (2ps)
verifying the existence of CdS.** Raman scattering measure-
ments were also performed to investigate the photophysical
properties of nanostructured semiconductor CdS within pNI-
PAm-co-AAc microgels. Raman peaks of the hybrid microgels in
Fig. 2C are located at 305 cm ™" and 607 cm™ ", assigned to the
characteristic first- and second-order longitudinal optical (LO)
phonons of the CdS semiconductor,* while no such peaks were
found in the Raman spectrum of the native microgels (Fig. 2D).

Next, the ability of the CdSQDs@pNIPAm-co-AAc hybrid
microgels to photocatalytically degrade RhB was investigated.
To do this, the UV-vis absorbance spectra were collected for RhB
(Amax = 553 nm) as a function of time. To begin, we verified that
UV irradiation of the RhB solution alone yielded minimal
change in the UV-vis absorbance maximum for RhB (Fig. 3A).
After introduction of the CdSQDs@pNIPAm-co-AAc hybrid
microgels and subsequent exposure to same UV irradiation, we
showed that all of the RhB could be degraded within 3 h. Of
note, RhB could be removed from solution via absorption/
adsorption by the microgels themselves (without exposure to
UV irradiation),>*** but the removal efficiency was insignificant
relative to the CdSQD-loaded microgels. For example, as can be
seen in Fig. 3A, both the native microgels exposed to RhB with
UV irradiation and the hybrid microgels exposed to RhB without
UV irradiation could only remove ~20% of RhB from solution
within 3 h. Therefore, we conclude that the photocatalytic
degradation is the primary mechanism for RhB removal from
solution. Previous studies have shown that the following pho-
todegradation mechanism is possible for CdSQDs:**%*

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the synthetic route used for generating the CdSQD@pNIPAmM-co-AAc hybrid microgels.

CdS + light — CdS holes (h*) + CdS electrons (e)
As indicated above, UV irradiation activates the CdSQDs to

e”+0, = 0,77 generate electron/hole pairs and reactive oxygen species (ROS),
including H,0,, 0*", and "OH, which we think is responsible

h" + H,0 — "OH + H" ion i
2 for the RhB degradation into colorless compounds. To deter-

mine what the degradation byproducts were, we performed
mass spectrometry (MS). RhB shows a peak at 443.3 m/z in the
MS spectrum (Fig. S3AY) that we assigned as cationized RhB
(C,sH3:N,05"). To get a good determination of the possible
H,0,+ 0, "= ‘OH + OH + O, degradation byproducts, the UV-triggered degradation was only
allowed to continue for 1.5 h and the solution sampled. As can

2¢” + O% + 2H" - H,0,

H202 + llght — 'OH + "OH
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Fig. 1 (A) and (B) Representative TEM images of the CdSQDs@pNIPAmM-co-AAc hybrid microgels and CdSQDs within the microgels, respec-
tively; (C) and (D) X-ray diffraction pattern of pNIPAmM-co-AAc microgels and CdSQDs@pNIPAmM-co-AAc hybrid microgels, respectively.
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Fig. 2 XPS spectra with characteristic peaks labeled for (A) cadmium and (B) sulfur (ll: CdSQDs@pNIPAmM-co-AAc hybrid microgels, O: mixed
solution of the hybrid microgels with RhB, A: supernatant of mixed solution of the hybrid microgels with RhB after photocatalytic degradation).
(C) Raman spectrum of the CdSQDs@pNIPAM-co-AAc hybrid microgels via excitation by the 514 nm line of an argon laser, and (D) Raman
spectrum of the unmodified microgels via excitation by the 514 nm line of an argon laser.
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Fig. 3 (A) The removal efficiency (as a percent) of RhB as a function of time (degradation kinetics) at 10 °C. (l: hybrid microgels + UV, @: hybrid
microgels + dark, ¥: unmodified microgels + UV, A: no microgels + UV). (B) The degradation kinetics of RhB at different temperatures (ll: 10 °C,
@ : 45 °C) with hybrid microgels. (C) Comparison of the degradation kinetics of RhB for different amounts of hybrid microgels (l: 0.6 g, O: 0.4 g,
A: 0.2 g). (D) Working pH range for the hybrid microgels. Data are mean values + standard deviation of three independent experiments.
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(A) Degradation kinetics as a function of the number of times the hybrid microgels were recycled (B: 1st time, @: 2nd time, A: 3rd

time, ¥: 4th time, @ : 5th time). Representative TEM images of hybrid microgels (B) before and (C) after their use for photodegradation. Data in (A)
are mean values + standard deviation of three independent experiments.

be seen in Fig. S3B,7 the resultant byproducts add a series of
new peaks in the MS spectrum, mainly at 415.3 m/z, 387.3 m/z
and 354.5 m/z, as a result of the loss of CH,CH, or CO from RhB.
The products could thus be attributed to be a mixture of dee-
thylations and carboxylations of RhB, which is in good agree-
ment with previous reports.**>” Together, a possible RhB
degradation process could be thus be depicted as shown in
Fig. S4,1 according to the aforementioned investigations.

We then investigated the impact of solution temperature,
pH, and hybrid microgel concentration on RhB degradation.
First, the photocatalytic degradation was investigated at 45 °C
(>LCST for pNIPAm) and 10 °C (<LCST for pNIPAm). As can be
seen in Fig. 3B, the RhB removal efficiency kinetics were higher
at 10 °C than at 45 °C, where the hybrid microgels were swollen.
We hypothesize that the swollen microgels allow easier access
of RhB to CdSQDs for more efficient photocatalytic degradation.
Fig. 3C shows how the hybrid microgel concentration impacts
the RhB degradation rate. As can be seen, the RhB removal
efficiency kinetics are enhanced as the amount of the hybrid
microgels in solution increases (Fig. 3C). Finally, the microgels
used here were exposed to high solution pH, where any
remaining AAc groups in the microgel will be deprotonated and
the microgels will swell that we hypothesize will lead to
enhanced RhB degradation kinetics, which we observe in
Fig. 3D.

Using the optimized conditions (i.e., 0.6 g of the hybrid
microgels, at 10 °C and pH 7.0), we further investigated the
recyclability of the photocatalytic hybrid microgels. As can be
seen in Fig. 4A, the kinetics of RhB degradation gradually

This journal is © The Royal Society of Chemistry 2018

decreased as the number of times they were recycled increased.
Specifically, only 60% removal efficiency could be achieved after
the microgels were recycled 5 times after 5 h UV exposure
(Fig. S51). Although, complete removal could be achieved by
simply extending the irradiation time. The decrease in RhB
removal efficiency indicated possible physicochemical changes
of the CdSQDs@pNIPAm-co-AAc hybrids microgels, which was
investigated by employing TEM imaging for examining the
microgel structure and XPS for examining their composition.
Fig. 4B and C show representative TEM images of the hybrid
microgels after 5 photocatalytic cycles. As can be seen, the
CdSQDs appear to aggregate and form irregular clusters with
sizes from tens to a hundred nanometers. We hypothesize that
the aggregates hamper the mass transfer of the RhB into the
microgels, hence limiting the ability of RhB to be photo-
degraded. Furthermore, due to the ability of >~ to be oxidized
to S™® could lead to the degradation of the CdSQDs. Indeed, the
S*® state was observed in the XPS spectrum (Table S1f and
Fig. 2B). This was also supported by the simultaneous appear-
ance of Cd and S in the XPS spectrum (Table S1} and Fig. 2A and
B) of the supernatant recovered from the photodegraded RhB
solution. Of note, the atomic ratio of Cd to S in the hybrid
microgel was 1.01:0.13, while this ratio was changed to
0.10 : 1.16 in the supernatant of the UV-irradiated mixed solu-
tion, indicating much less leakage of Cd from the microgel
when the CdSQDs were degraded. This is important as it can
prevent the leakage of toxic heavy metals to the environment,
while still affording the hybrid microgel with photodegradation
properties.

RSC Adv., 2018, 8, 16850-16857 | 16855
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Conclusion

In summary, we reported an approach for generating
CdSQDs@pNIPAmM-co-AAc hybrid microgels, which were shown
to have the ability to photocatalytically degrade the organic dye
RhB in an aqueous solution. We fully characterized the
synthesized hybrid microgels, and demonstrated that the
hybrid microgels have the ability to degrade RhB into products
that were characterized via mass spectrometry. We went on to
show that the hybrid microgels most efficiently photodegraded
the RhB when the microgels were swollen at low temperature
and high pH. Finally, we demonstrated that the hybrid micro-
gels could be recycled and reused multiple times, although their
activity was diminished as the number of times they were
recycled increased. While we attribute the loss of activity to
CdSQD degradation, we do not observe a significant leakage of
Cd*" into solution. While this study was only done with RhB as
a proof of concept, it is a promising approach for removing
other organic contaminants from aqueous solutions in a light
triggered manner.
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