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A series of poly(styrene-co-divinylbenzene)/silver nanoparticle (P(St-DVB)/AgNP) composite microspheres
with tunable porosity were synthesized by seed swelling polymerization in one pot using linear polystyrene
seeds as templates and nanosized organic soluble AgNPs as the silver source. The polymerization of styrene
and divinylbenzene took place inside the seed particles and AgNPs were dispersed directly into the mixture
of styrene and divinylbenzene during the polymerization. The morphology properties of P(St-DVB)/AgNPs
microspheres were characterized by optical microscope, scanning electron microscope (SEM) and nitrogen
adsorption/desorption. The influencing parameters on the morphology of the microspheres, including feed
ratio of styrene (monomer) and divinylbenzene (crosslinker), addictive amount of AgNPs and the variety of
the porogens were systematically investigated. The porosity of the composite microspheres could be tuned
from nonporous to mesoporous and to macroporous by control over these parameters. Meanwhile, AQNPs
loading dispersity of the composite microspheres was characterized by transmission electron microscope
(TEM), energy-dispersive X-ray spectroscopy (EDS), SEM and thermogravimetric analysis (TGA). TEM, EDS
and SEM results demonstrated that the AQNPs had been loaded both inside and on the surface of the
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kinds of porogens used in the polymerization. Moreover, compared to the P(St-DVB) microspheres, the
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Ag-loading composite microspheres synthesized in this paper exhibited excellent catalytic activity and

rsc.li/rsc-advances reusability in the degradation of methylene blue in the presence of NaBH..

a remarkable reduction in their catalytic activities.’ In addition,
an efficient catalyst should be easily recycled and reused.

To solve these problems, organic and inorganic support
materials are usually used to load AgNPs, for example carbon-
based materials (carbon nanotubes," carbon-based nano-
fibers,”” and graphene oxide'), polymer materials,"'* metal
oxide,'® TiO,,"” and mesoporous silica,' etc. Among those sup-
porting substrates, porous polymeric microspheres with high
specific surface area, tunable pore morphology, strong adsorp-
tion capacity, excellent physicochemical stability and stable
mechanical properties are becoming a superior choice."®>* For
example, silver nanoparticles have been immobilized in meso-
porous cross-linked polyacrylic acid to catalyze the reduction

1. Introduction

Over the last decades silver nanoparticles (AgNPs) have attracted
great research interest in various fields, such as antibacterial
agents,"* surface-enhanced Raman scattering,® biosensing* and
catalysis.® As an efficient catalyst, AgNPs are widely used in
degradation of organic dye pollutants,® 4-nitrophenol,” oxidation
of ethane® and splitting water into H, and O,.” However, single
AgNPs used as catalytic materials very easily become aggregated
due to their high surface energy and that usually leads to
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coupling of nitrobenzenes and alcohols.”” Kim et al.*® used
a fine colloidal silver to deposit silver nanoparticles on func-
tional porous poly(ethylene glycol dimethacrylate) micro-
spheres with controllable surface area and surface
functionality. Zha et al** prepared multi-porous sulfonated
polystyrene/chitosan/Ag microspheres and compared their
catalytic efficiency of reduction methylene blue with solid

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra10111b&domain=pdf&date_stamp=2017-10-27
http://orcid.org/0000-0002-0101-555X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10111b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007079

Open Access Article. Published on 27 October 2017. Downloaded on 10/29/2025 7:53:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

structured composite particles. The results indicated the porous
structured spheres could efficiently adsorb chromium ions and
the catalytic degradation rate was significantly faster than that
of solid structured composite particles. So the porous structures
of the surface and interior make porous polymer microspheres
totally different from the conventional polymer microspheres
without any pores. Especially in the application field of catal-
ysis, the porous structure plays an important role in deter-
mining the efficiency of the reactant adsorption performance
and the contact area between the catalysts and the reactants.

Traditionally, the approaches to develop well-defined and
crosslinked microspheres with pore structures include
suspension, precipitation and dispersion, membrane/
microchannel emulsification and microfluidic polymeriza-
tions.”** Among the mentioned methods, seed suspension
polymerization based on polystyrene seeds as templates has
received more considerable attention as controllable particle
size, facile fabrication, tunable pore structures, and easy func-
tionalization.**** For instance, silver nanoparticles loaded on
porous poly(styrene-co-divinylbenzene) microspheres with
controllable interconnected structures were achieved by
a suspension polymerization based on water-in-oil-in-water
emulsion template using monooleate as the oil phase.** In
a further example of silver nanoparticles loaded monodisperse
and multihollow poly(styrene-co-sodium 4-vinyl-
benzenesulfonate) microspheres, the composite microspheres
were prepared using seed swelling polymerization by reducing
[Ag(NH;),]" ions with polyvinylpyrrolidone.* Like the silver
nanoparticles and polymer composite microspheres mentioned
above, silver nanoparticles incorporated in porous compounds
are usually achieved by wet impregnation of porous materials
with silver precursors in solution phase and subsequent
reduction to metallic silver, which is a multi-step and time-
consuming process. Therefore, there is still a critical need to
develop a more facile and feasible method to prepare porous
polystyrene/silver nanoparticles composites.

Herein, the synthesis of porous P(St-DVB)/AgNPs composite
microspheres in a one-pot seed swelling polymerization method
is described. Polystyrene seeds and organic soluble AgNPs
powders are prepared previously. The monomer with cross-
linker, silver nanoparticles, initiator and porogens are mixed
together in the second swelling step, so the reaction happens
inside the swollen PS seeds. The AgNPs used in this experiment
are well dispersed in the monomer, crosslinker and porogens,
so the AgNPs can be easily absorbed into the PS seeds as well as
dispersed inside the final microspheres. The porosity of the
P(St-DVB)/AgNPs composite microspheres was regulated
successfully from nonporous, mesoporous to macroporous by
changing the monomer and crosslinker ratio, the concentration
of AgNPs added during the polymerization and the variety of
porogens. Catalytic activity of the P(St-DVB)/AgNPs composite
microspheres with different AgNPs loading and porosity were
evaluated through degradation of methylene blue in the
aqueous solution with NaBH,. High reusability was demon-
strated without significant decrease in the catalytic perfor-
mance after running 10 catalytic cycles.

This journal is © The Royal Society of Chemistry 2017
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2. Experimental

2.1. Materials

For the synthesis of silver nanoparticles, silver nitrate (AgNO3,
>99.9%, Shanghai Chemical Corporation, China), oleic acid
(90.0%, Aldrich), n-butylamine (99.5%, Sigma-Aldrich) and t-
ascorbic acid (99.0%, Sigma-Aldrich) were used as received. For
the preparation of polystyrene seed particles, styrene (=99.0%,
Aldrich) was distilled under reduced pressure to remove the
inhibitors prior to the use, polyvinylpyrrolidone (PVP-K30, M,, =
40 kg mol ", BASF), ethanol (99.8%, VWR chemicals), Aliquat 336
(Aldrich) and azobisisobutyronitrile (AIBN, =98.0%, Sigma-
Aldrich) were applied as received. For the polymerization of the
composite microspheres, sodium dodecyl sulfate (SDS, =95.0%,
Carl Roth, Germany), dibutyl phthalate (DBP, 99.0%, Merck
chemicals), divinylbenzene (DVB, 99.0%, Merck chemicals),
dibenzoyl peroxide (DBPO, 99.8%, Sigma-Aldrich), toluene
(99.8%, Acros Organics), n-heptane (99.0%, Griissing), n-hex-
adecane (=99.0%, Merck chemicals), poly(vinyl alcohol) (PVA,
Mowiol 18-88, Aldrich) and tetrahydrofuran (THF, 99.9%, Sigma-
Aldrich) were used without further purification. Methylene blue
(MB) and sodium borohydride (NaBH,, =98.0%) used for cata-
Iytic experiment were purchased from Sigma-Aldrich and used as
received. Deionized water was used for all the experiments.

2.2. Preparation of organic soluble silver nanoparticles

Organic soluble AgNPs were synthesized referring to our
previous work.** Oleic acid (0.27 mol, 90 mL) and n-butylamine
(1.50 mol, 150 mL) were dispersed in 400 mL deionized water in
a three-necked flask. Then AgNO; aqueous solution (0.08 M, 50
mL) was added into the flask with vigorous stirring. The reac-
tion temperature was heated to 50 °C using an oil bath and the
rate of continuous stirring was 400 rpm. After 20 min, the
solution had become transparent and an aqueous solution of
ascorbic acid (0.08 M, 100 mL) was quickly added to the
transparent solution. A colloidal AgNPs solution was obtained
after the reaction had taken place for 2 h. The AgNPs colloid was
cooled to room temperature. Ethanol was added into the AgNPs
colloid, the sediment was washed with acetone 3 times. After
drying in the vacuum oven at the temperature of 25 °C for 24 h,
AgNPs powders were obtained.

2.3. Preparation of polystyrene seed particles

Polystyrene (PS) seed particles were prepared by dispersion
polymerization.** Solution 1 was a mixture made of ethanol
(120 g), polyvinylpyrrolidone (PVP, 3.0 g) and Aliquat 336 (1.2 )
in a three-necked 250 mL double walled glass reactor, which were
placed on a shaking plate. The solution was purged with argon
for 15 min, before the temperature was increased to 70 °C by the
means of a recirculating heater. Solution 2 was prepared in
a separate flask, in which styrene (30 g) and AIBN (0.6 g) were
mixed and purged with argon for 10 minutes, before it was added
to the preheated solution 1. The reactor was sealed and the
polymerization took place at a shaking rate of 150 rpm for 24 h
and was stopped by cooling to room temperature. Seed latex
particles were purified by repeated washing and centrifugation

RSC Adv., 2017, 7, 50176-50187 | 50177
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using ethanol, hot water, and ethanol in sequence. Lastly, the
particles were dried under vacuum.

2.4. Preparation of porous P(St-DVB)/AgNPs composite
microspheres

The porous P(St-DVB)/AgNPs composite microspheres were
synthesized using two-step seed swelling polymerization. During
the first step of swelling, the polystyrene seed particles (0.2 g)
were dispersed in 1.8 g of 0.25 wt% aqueous sodium dodecyl
sulfate (SDS) solution using sonification and were added to
a sonificated emulsion of dibutyl phthalate (DBP, 0.5 g) in 50 g
0.25 wt% SDS solution. The mixture was stirred at 400 rpm for 5 h
at room temperature. In the second step swelling, a separately
prepared emulsion containing styrene and DVB with different
weight ratios, AgNPs, porogen (0.8 g), dibenzoylperoxide (DBPO,
0.05 g), and 0.25 wt% SDS solution (12 g) was added to the first
step swollen seed particles. The dosage of AgNPs varied from 0 to
35 wt% of St and DVB. The detailed formulas used to prepare the
porous P(St-DVB)/AgNPs composite microspheres were listed in
Table 1. During the preparation of the separate emulsions, the
AgNPs should be first dissolved in the mixture of styrene, DVB
and porogen by using the ultrasonic disperse method. Toluene,
n-hexadecane or n-heptane was used as porogen. The swollen
seeds and monomer mixtures were stirred in the dark at room
temperature for 12 h. Then 2 g of 10 wt% polyvinylalcohol
aqueous solution were added as a stabilizer and the solution was
stirred for another hour. The mixture was purged with argon for
10 min and transferred into a water shaking bath, which was
preheated to 70 °C. The shaking rate was 150 rpm. The poly-
merization proceeded for 24 h. Microspheres were isolated by
centrifugation and by a Soxhlet extraction apparatus with water
(24 h) and THF (24 h) in order to remove impurities. Finally,
particles were dried in vacuum at 60 °C and a brownish powder
was obtained with low density.

Table 1 Formulas of porous P(St-DVB)/AgNPs composite
microspheres
St DVB Ag/(St + DVB) Ag/composite
Porogen feed [g] feed [g] [Wt%] spheres [wt%]
SO  Toluene 0.60 0.60 0 0
S1 Toluene 0.60 0.60 5 4.76
S2  Toluene 0.60 0.60 15 13.0
S3  Toluene 0 1.2 20 16.7
S4  Toluene 0.20 1.0 20 16.7
S5 Toluene 0.40 0.80 20 16.7
S6  Toluene 0.60 0.60 20 16.7
S7  Toluene 0.75 0.45 20 16.7
S8  Toluene 0.86 0.34 20 16.7
S9  Toluene 1.0 0.20 20 16.7
S10 Toluene 1.2 0 20 16.7
S11 Toluene 0.60 0.60 25 20.0
S12 Toluene 0.60 0.60 35 25.9
S13 n-Hexadecane 0.60 0.60 20 16.7
S14 n-Heptane 0.60 0.60 20 16.7
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2.5. Catalytic properties of porous P(St-DVB)/AgNPs
composite microspheres

In a typical catalytic experiment, both aqueous solutions of the
dye (MB, 10 mg L") and of NaBH, (1 mol L") were freshly
prepared. Subsequently, a series of porous P(St-DVB)/AgNPs
composite microsphere samples (10 mg) were mixed with
15 mL of 10 mg L™" MB aqueous solution, and 0.5 mL of
1 mol L™" NaBH, solution was rapidly injected into this
mixture while stirring. The color of the mixture vanished
gradually, indicating the reduction of the dye. The concen-
tration changes of MB were monitored with a UV-Vis
spectrophotometer.

In order to investigate reusability of the P(St-DVB)/AgNPs
composite microsphere catalyst, the catalyst was separated
from the reaction system by centrifugation (4000 rpm, 15 min)
after each test and redispersed into 15 mL of 10 mg L' MB
aqueous solution. The catalytic activity test was performed
again under the same condition as described above. The reus-
ability test was repeated for 10 times.

2.6. Characterization

2.6.1. Optical microscope (OM). The morphologies and
microstructures of the polystyrene seeds in different swelling
processes and of the prepared porous microspheres were
directly observed using a Leica DMi8 A.

2.6.2. Scanning electron microscope (SEM). The morphol-
ogies of the polystyrene seeds and synthesized microspheres
were characterized by an SEM (LEO1525). The dispersion of the
AgNPs on the composite microspheres was detected by energy-
dispersive X-ray spectroscopy (EDS), backscattering electro
detector (BSED) and secondary electrons (SE).

2.6.3. Transmission electron microscope (TEM). The
morphologies of the synthesized AgNPs and the AgNPs loaded
on the composite spheres were characterized by a JEM-2100
(JEOL) TEM. The samples were dispersed in ethanol via ultra-
sonication at the concentration of 100 ppm and dripped onto an
ultrathin carbon Cu grid. The number average diameters D,, of
all the particles were calculated by Image J.

2.6.4. X-ray diffraction (XRD). The crystal structure of the
synthesized AgNPs and the chemical composition of the
composite microspheres were analyzed by an XRD (Rigaku D/
max-2550 PC X-ray diffractometer with Cu-Ka radiation, wave-
length A = 1.5406 A).

2.6.5. Thermogravimetric analysis (TGA). The thermosta-
bility of samples was evaluated in an atmosphere of air on
a Mettler Toledo thermogravimetric analyzer. Each sample with
a mass of 10 mg was heated from 30 to 800 °C at a heating rate
of 10 °C min ™.

Specific surface areas and cumulative pore volumes were
determined by measuring nitrogen adsorption on a porosity
meter (Thermo Scientific, Surfer) and calculated using Bru-
nauer-Emmett-Teller (BET) theory.

UV-Vis absorption spectra were used to characterize the
concentration of MB during the photocatalysis degradation by
UV-Vis spectrometer (Varian, Cary 50).

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1. Characterization of organic soluble silver nanoparticles

The AgNPs used in this research work are organic-soluble
AgNPs powders which were synthesized by the reduction of
precursor AgNO; with ascorbic acid in the presence of oleic acid
and n-butylamine as surfactants. Fig. 1(a) shows the XRD
pattern of the AgNPs powders. There are five diffraction peaks
with 26 values of about 38.1°, 44.3°, 64.4°, 77.5° and 81.6° in
agreement with the silver (JCPDS no. 04-0783)% values for a face-
centered cubic (FCC) crystal structure corresponding to (111),
(200), (220), (311) and (222) lattice planes, respectively. Fig. 1(b)
shows a TEM image of the uniform and small nanoparticles of
the AgNPs. The size distribution of synthesized AgNPs in the
right bottom corner illustrated an average size of 5.61 + 0.55 nm
in diameter.

The synthesized AgNPs can be well dispersed in organic
solvents to be transparent solutions in low concentration. In
Fig. 2(a-€) 0.1 mg AgNPs powders are dissolved in 5 mL different
organic solvents which were used as monomer, crosslinker or
porogen in the synthesis of P(St-DVB)/AgNPs composite micro-
spheres. In the mixture solution of toluene and water, the AgNPs
are well dissolved in toluene and two layers were formed, where
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Fig. 1 (a) XRD pattern of the synthesized AgNPs. (b) TEM image of the
AgNPs. Inset shows the size distribution of the AgNPs.
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toluene is in the upper layer (Fig. 2(f)). So the AgNPs have good
solubility in the organic phase during the polymerization.

3.2. The formation of the porous P(St-DVB)/AgNPs
composite microspheres

As illustrated in Fig. 3, seed swelling polymerization method
was used to prepare the porous P(St-DVB)/AgNPs composite
microspheres. During the polymerization, linear polystyrene
particles in Fig. 3(a) are worked as templates. The formation
process of composite microspheres should first undergo the
swelling of seed particles with activator in Fig. 3(b); then the
second step swelling to absorb monomer, crosslinker, initiator,
porogen and AgNPs into the polystyrene seeds. At last, the
polymerization reacts inside the seeds to get the porous
composite microspheres in Fig. 3(c). In the previous reports, the
size and size distribution of the final composite microspheres
were completely determined by the initial polystyrene seed
particles,*** so the seeds need not only to be monodisperse, but
also to be non-crosslinked to allow reactants going into the

n-hexadecanef n-heptane |

dvnynenzenei

styrene toluene

Fig. 2 Photographs of synthesized AgNPs redispersed in (a) styrene,
(b) divinylbenzene, (c) toluene, (d) n-hexadecane, (e) n-heptane and
mixture (f) of toluene (upper) and water (bottom) (1 : 1 by volume). The
concentration of AgNPs is 20 mg L™t in (a—e) and the concentration of
AgNPs is 100 mg L™t in (f).

s 2
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(a) (b) (c)
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@ Silver nanoparticles @ Polystyrene Porous made by porogens

Fig. 3 The scheme of the formation process of porous P(St-DVB)/
AgNPs composite microspheres.
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Fig. 4 (a) SEM image and (b) size distribution of polystyrene seeds.
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Fig. 5 Optical microscope images for the preparation of the porous
P(St-DVB)/AgNPs composite microspheres (S12 in Table 1, St feed
0.60 g, DVB feed 0.60 g, toluene, 35 wt% Ag/(St + DVB)). (a) Seed
particles swelled with an activator in the first step swelling for 5 h. (b)
Seed particles swelled with St, DVB, AgNPs, toluene and DBPO in
a second step swelling for 12 h. (c) Synthesized porous P(St-DVB)/
AgNPs composite microspheres were obtained.

particles during the swelling stage. Here, precipitation poly-
merization of styrene seeds was performed in ethanol with AIBN
as initiator, polyvinylpyrrolidone (PVP-K30) and Aliquat 336 as
stabilizers. Following polymerization overnight and purification
by intense washing, the resulting seed particles were charac-
terized by SEM (Fig. 4(a)). The SEM picture shows the smooth
spherical monodisperse particles with an average diameter of
2.33 £ 0.07 pm in Fig. 4(b). The size and size distribution proved
to be highly reproducible throughout several runs.

During the formation processes of porous P(St-DVB)/AgNPs
composite microspheres, microscope images are used to
record the microstructure of the particles in different reaction
steps. In Fig. 5(a) the swollen seed particles with an activator are
shown after 5 hours' swelling. As illustrated in Fig. 3(b), the
particles are sphere and monodisperse in size. The average size
of the seed particles is 2.34 pum. In the following swelling
process, the swollen seed particles were growing. Fig. 5(b) is
a microscope picture of polystyrene seeds swelled with mono-
mer, crosslinker, AgNPs, porogen and initiator in the second
swelling step. The average particle size in the second swelling
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step grows up to 3.38 pm, which means the monomer, AgNPs,
porogen and initiator went into the seed particles by perme-
ation force.* By increasing the temperature of the water
shaking bath to the reaction temperature, the crosslinking
reaction took place inside the swollen polystyrene seeds. In
Fig. 5(c), the morphology of the final P(St-DVB)/AgNPs
composite microspheres after 24 h crosslinking reaction is
shown. Compared with the polystyrene seed particles and the
particles after the second step swelling in Fig. 3(a and b), the
porous structures can be clearly observed in the final micro-
spheres (Fig. 3(c)). The average size of the obtained porous P(St-
DVB)/AgNPs composite is 4.5 pm.

There are several methods for depositing AgNPs onto the
surface of polystyrene matrix, such as in situ metals reduction,*’
electrostatic deposition*! and layer-by-layer assembly.** Usually,
by the methods mentioned above to prepare the porous
composite microspheres, the polymer matrix should be first
synthesized and then the silver nanoparticles attached onto the
surfaces. The processes are complicated and time-consuming.

Here, organic soluble AgNPs were directly mixed with
monomer during the polymerization to load onto porous poly-
mer matrix. The morphology and the distribution of AgNPs on
porous P(St-DVB) were characterized by TEM, EDS and XRD. S12
in Table 1 (St feed 0.60 g, DVB feed 0.60 g, toluene, 35 wt% Ag/
(St + DVB)) was chosen as a standard sample. TEM picture,
Fig. 6(a) shows a whole microsphere. Referring to the thin part
of the microsphere in Fig. 6(b) and the cross section in Fig. 6(c),
the deposited AgNPs are nearly spherical and well separated
from each other. The average diameter of AgNPs in Fig. 6(d) is
20.97 + 4.31 nm which is calculated based on statistical
diameter of more than 100 nanoparticles measured from
Fig. 6(c). In order to prove the AgNPs were loaded inside the
microspheres, energy-dispersive X-ray spectroscopy (EDS) was
carried out on the cross section of the composite microspheres.

—
o

=
9
0

(©) 1200

Mean Size: 20.97 nm
Std. Dev: 4.31 nm 1000

N
S

800

o

600
Si

400 Ag

Frequency (%)
s
Counts

o
i

T

. .

200 Ag

(111)

Intensity (a.u.)

(220) (311)

35 i

o
°
o
N
3
N
o
@
8

Size (nm)

Energy (keV)

10 20 30 40 50 60 70 80 90
26 (degree)

Fig.6 TEM images of porous P(St-DVB)/AgNPs composite microspheres (S12 in Table 1, St feed 0.60 g, DVB feed 0.60 g, toluene, 35 wt% Ag/(St
+ DVB)): (a) the whole microsphere, (b) the thin part and (c) the cross-section of the composite microsphere, (d) the particle size distribution of
AgNPs calculated from (c), (e) EDS image corresponding to the inserted SE (second electron) image on the cross section of the microsphere, (f)
XRD patterns of P(St-DVB) microsphere without AgNPs (SO, curve a) and porous P(St-DVB)/AgNPs composite microspheres (S12, curve b).
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Fig. 7 SEM pictures of porous P(St-DVB)/AgNPs composite microspheres with different St and DVB ratio. (a) is corresponding to sample 3 (St O,
DVB 1.2 g), (b) is corresponding to sample 4 (St 0.2 g, DVB 1.2 g), (c) is corresponding to sample 5 (St 0.4 g, DVB 0.8 g), (d) is corresponding to
sample 6 (St 0.6 g, DVB 0.6 g), (e) is corresponding to sample 7 (St 0.75 g, DVB 0.45 g), (f) is corresponding to sample 8 (St 0.86 g, DVB 0.34 g), (g)

is corresponding to sample 9 (St 1.0 g, DVB 0.2 g), and (h) is corresponding to sample 10 (St 1.2 g, DVB 0).

Thus Fig. 6(e) apparently illustrated Ag atomic peaks.
Compared with blank sample S0, XRD pattern of S12 in Fig. 6(f)
shows clear 26 values of 38.1°, 42.1°, 64.5°, 77.5° and 81.6°
which corresponding to the synthesized AgNPs powders in
Fig. 1(a) and the peak at approximately 20° comes from the
amorphous P(St-DVB). These results confirm that synthesized
AgNPs had been successfully mono dispersed both inside and
on the surface of the composite microspheres.

3.2.1. Effect of St/DVB on morphology of P(St-DVB)/AgNPs
composite microspheres. The porous P(St-DVB)/AgNPs
composite microspheres with different monomer (St) and
crosslinker (DVB) ratios were synthesized while the amounts of
AgNPs were kept constant and toluene was used as the porogen.
The different ratios of St and DVB are shown in Table 1 from S3
to S10 in detail. Analysis by SEM indicated different morphol-
ogies for S3-S10, see Fig. 7, and suggested that the amount of
DVB in the monomer and crosslinker feed did not only influ-
ence the size of microsphere but also the morphology. With
high DVB feed, S3 (Fig. 7(a), St 0 g, DVB 1.2 g), S4 (Fig. 7(b), St
0.2 g, DVB 1.0 g) and S5 (Fig. 7(c), St 0.4 g, DVB 0.8 g) had almost
smooth surfaces with similar average diameters of 4.5 + 0.7 um,
4.4 £ 0.6 pm and 4.5 £+ 0.7 um, respectively. When the St and
DVB ratio was 1:1, S6 (Fig. 7(d), St 0.6 g, DVB 0.6 g), the
diameter of the microspheres was still 4.5 £ 0.7 um, but the
porous structures could be clearly seen on the surface of the
microspheres. By decreasing the DVB amount further, as in S7
(Fig. 7(e), St 0.75 g, DVB 0.45 g), S8 (Fig. 7(f), St 0.86 g, DVB

0.34 g) and sample 9 (Fig. 7(g), St 1.0 g, DVB 0.2 g), the particles
were not spheres anymore and started to aggregate and
collapse. In S10 (Fig. 7(h), St 1.2 g, DVB 0 g), when the reaction
system operated without any crosslinker, there were not any
microspheres existing in the final product. The average diam-
eters and specific surface areas of S3-S10 are listed in Table 2,
the result indicates a well reproducible size range independent
of monomer feed ratio. In contrast to diameters, the porosities
of the composite microspheres were varied significantly with
the DVB feed content. Specific surface areas of microspheres
determined by nitrogen adsorption had impressive downtrend
from 130.6 m* g~ ' to 38.8 m> g~ ' with decreasing DVB amount
as shown in Table 2.

In summary, the composite microspheres with different
morphologies range from smooth surface, porous, collapse to
totally covered by AgNPs can be obtained by decreasing the
amounts of DVB in the mixture of St and DVB. This is because
a higher content of divinyl crosslinker would get more highly
cross-linked polymers in the early stages of the polymerization
process.*® The early and highly crosslinked nuclei had a limited
adsorption of monomers and porogens. So smaller voids and
relatively smooth surfaces appear, which corresponds to higher
specific surface areas.** Without sufficient DVB as crosslinker,
the construction of a network of the microspheres failed and the
spheres easily collapsed as in Fig. 7(f-h). In further, without
crosslinker, no spheres existed anymore and the AgNPs were
aggregated.

Table 2 The diameter and specific surface area of the synthesized porous composite microspheres with different monomer (St) and crosslinker

(DVB) feed ratio

3 S4 S5
Dy (um) 4.5+ 0.7 4.4+ 0.6 4.5+ 0.7
s? (m? g™ 130.6 98.2 70.8

S6 S7 S8 S9 510
4.5+ 0.7 4.7 +1.0 3.8+1.0 Aggl. None
55.2 38.8 — — —

“ Number-average particle diameter calculated from the SEM pictures by Image-J software; standard deviation from measuring at least 100 particles.

b Specific surface area from BET nitrogen adsorption.

This journal is © The Royal Society of Chemistry 2017

RSC Aadv., 2017, 7, 50176-50187 | 50181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10111b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 October 2017. Downloaded on 10/29/2025 7:53:45 PM.

(cc)

RSC Advances

100 pm

100 jim
—

100'm

View Article Online

Paper

a4

mean size: 7.73 nm
Std. Dev.: 1.22 nm.

Frequency (%)

5 10 15 20 25 30 35 4
Size (nm)

ba

mean size: 10.04 nm

Frequency (%)

5 10 15 20 25 30 35 4
Size (nm)

C4

‘mean size: 1221 nm
Std. Dev.: 1.90 nm.

Frequency (%)

20 25 30 35 4
Size (nm)

Size (nm)

€4

mean size: 19.27 nm
td. Dev.: 6.23 nm

Frequency (%)

v 7z
5 1 15 20 25 30 35 4
size (nm)

Fig. 8 The SEMimages (series 1), BSED images (series 2), SE images (series 3) and size distribution of AgNPs (series 4) loaded on the porous P(St-
DVB)/AgNPs composite microspheres calculated from SE images with different AgQNPs contents. (al—a4) 4.76% Ag/polymer matrix (sample S1),
(b1-b4) 13.0% Ag/polymer matrix (sample S2), (c1-c4) 16.7% Ag/polymer matrix (sample S6), (d1-d4) 20% Ag/polymer matrix (sample S11), (el-

e4) 25.9% Ag/polymer matrix (sample S12).

3.2.2. Effect of concentration of AgNPs added in the poly-
merization on the morphology and AgNPs loading of composite
microspheres. The concentration of silver precursor is crucial
to the deposition of AgNPs on substrates by wet impregnation
method to synthesize composite microspheres.** The effect of
concentration of organic-soluble AgNPs powders added in the
swelling and polymerization process on the deposition of
AgNPs on P(St-DVB) substrates were also investigated in this
work. As the addictive ratio of St and DVB of 1 : 1 had the best
porous structure, the addictive ratio of St and DVB of 1 : 1 and
toluene as porogen were chosen to investigate the AgNPs
loading states by adjusting the dosage of AgNPs in the poly-
merization. The detailed formulas are listed in Table 1 (51, S2,
S6, S11 and S12). In Fig. 8, SEM images were collected to
illustrate the morphologies of the composite microspheres
and BSED and SE images were taken to indicate the spread of

50182 | RSC Adv., 2017, 7, 50176-50187

AgNPs on the surface of P(St-DVB) substrates with different
AgNPs additions in the polymerization. In Fig. 8(a2-e2 and
a3-e3), the white and bright particles are silver nanoparticles
loaded on the composite microspheres. The size distributions
and average sizes of the loaded AgNPs are demonstrated in
Fig. 8(a4-e4), calculated by Image J from Fig. 8(a3-e3). The SE
and BSED images show that the AgNPs were well dispersed on
the surfaces of the composite microspheres. However, the
average sizes of the AgNPs in Fig. 8(a4-e4) increased from
7.73 £1.22 nm to 19.27 &+ 6.23 nm with increasing the additive
amount of AgNPs, i.e. the added AgNPs tended to aggregate
during the polymerization compared with the original single
AgNPs in Fig. 1. Moreover, with increasing AgNPs addition, the
size distributions of AgNPs loaded on the composite micro-
spheres went broader due to the various aggregation rate
caused by different areas.

This journal is © The Royal Society of Chemistry 2017
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Table 3 The specific surface area, pore volume and pore size char-
acteristics of the porous P(St-DVB)/AgNPs composite microspheres
with different AQNPs contents

Samples Sper® [M? g7 Vi’ [em® g7']  Pore size® [nm]
Pure PS (SO) 34.47 0.1683 86.49
4.76% Ag (S1)  41.96 0.2155 69.99
13.0% Ag (S2)  53.99 0.1713 44.87
16.7% Ag (SG) 55.16 0.1940 24.85
20.0% Ag (S11)  37.84 0.1570 51.86
25.9% Ag (S12)  31.41 0.1224 55.27

“ Specific surface area from BET nitrogen adsorption. ” Cumulative pore
volume from BET nitrogen adsorption. ¢ BJH desorption average pore
diameter.

In order to get further insight into the effects of AgNPs
addictive amounts on the morphologies of the porous P(St-
DVB)/AgNPs composite microspheres, the specific surface
areas were calculated from nitrogen adsorption/desorption
isotherms by utilizing the BET method. The total volume and
the corresponding pore size were determined by the Barrett-
Joyner-Halenda (BJH) from inverting the desorption branch of
porous P(St-DVB)/AgNPs composite microspheres with different
AgNPs contents, see Table 3. The pore sizes of the porous P(St-
DVB)/AgNPs composite microspheres first decreased then
increased with increasing the additional concentration of
AgNPs, while the specific surface areas and pore volumes had
the inverse trend of the pore size. These could be the reason that
the first adding of AgNPs occupied some of the pores and then
the aggregated bigger AgNPs occupied in the pores causing the
pore to be expanded.

TGA of the pristine porous P(St-DVB) microspheres and
porous P(St-DVB)/AgNPs composite microspheres were per-
formed in an air atmosphere to analyze the effect of AgNPs
concentration on thermal degradation and to calculate the

1004 a——Ag/(St+DVB)=0
b —— Ag/(St+DVB)=4.76%
¢ ——Ag/(St+DVB)=13.0%
80 d —— Ag/(St+DVB)=16.7%
_ e —— Ag/(St+DVB)=20.0%
J
s f —— Ag/(St+DVB)=25.9%
= 604
o) £21.84%
‘'S ¢ 18.18%
d 14.607
3 404 c 1/'4.97%
b 2.45%
\ a2 0.01%
20 \ A}
\
0 =

—1 I I 1 T T
0 100 200 300 400 500 600 700
Temperature (°C)

800

Fig. 9 TGA curves of porous P(St-DVB)/AgNPs composite micro-
spheres with different AgNPs contents (a) pure PS microspheres, (b)
4.76% AgNPs, (c) 13.0% AgNPs, (d) 16.7% AgNPs, (e) 20.0% AgNPs, (f)
25.9% AgNPs.
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amount of AgNPs loaded on the porous P(St-DVB)/AgNPs
composite microspheres. Residual weight of pristine porous
P(St-DVB) microspheres at 800 °C is 0.01%, while residual
weight of the P(St-DVB)/AgNPs composite microspheres varies
with the theoretical AgNPs addictive amount of 4.76%, 13.0%,
16.7%, 20.0% and 25.9% are 2.45%, 11.97%, 14.60%, 18.18%
and 21.84%. The tested residual weights were less than the real
added weights of AgNPs, suggesting that not all the AgNPs
added during the polymerization can be loaded on the
composite microspheres. There were still some AgNPs left in the
solution and washed away by THF (Fig. 9).

3.2.3. Effect of porogens on the morphology and AgNPs
loading of P(St-DVB)/AgNPs composite microspheres. The
morphology of the composite microspheres was not only
influenced by the St/DVB ratio and the dosage of AgNPs in the
polymerization, but also affected by the porogens used during
the synthesis.”®*® Here, three different porogens - toluene, n-
hexadecane and n-heptane were chosen to investigate the
influence of variety of porogens on porous structures of the
composite microspheres.

Regarding the SEM images in Fig. 10 (series 1) and size
distribution in Fig. 10 (series 2) of the P(St-DVB)/AgNPs
composite microspheres, the composite microspheres have
more porosities both inside and on the surface when toluene
(Fig. 10(a)) and n-hexadecane (Fig. 10(b)) were used as porogens.
While the interior of the composite microspheres is porous and
surface is smooth with n-heptane used as porogen (Fig. 10(c)).
The differences of porosities could be attributed to the formation
mechanism of the pores by different porogens. When toluene
was used as the porogen during the polymerization, the discrete
phase consisted of styrene, DVB, DBPO, AgNPs and toluene,
whereas the continuous phase was an aqueous poly(vinylalcohol)
solution, because toluene is a thermodynamically good solvent
for the final crosslinked microspheres, which can easily be
swollen in it. Inside every discrete polystyrene seed template,
a continuous network grew by adding monomers. After a certain
time, the network became incapable of absorbing more toluene
due to an increasing amount of crosslinking. A precipitation
occurred at this moment, which was after the gelation point of
the network. It is this phase separation that yields the porosity of
the microspheres.”*” Usually in such a condition, micropores
and mesopores are predominant, resulting in particles with high
surface area values but low pore volumes.*® On the other hand, if
a nonsolvent for the P(St-DVB) was used as a porogen, such as n-
hexadecane and n-heptane instead of toluene as in the previous
case, pore formation occurred in a different way. In this case,
phase separation occurred before the gelation point, since hex-
adecane and heptane cannot swell the growing polymer chains.
At the start of the initiation, separated smaller particles of poly-
mer nuclei grew in a discontinuous phase inside every discrete
monomer phase droplet. These nuclei agglomerate was formed
via inter-nuclei crosslinking and the final porous particle was
produced.* In contrast to using toluene as porogens, macropores
are predominant, resulting in particles with a significantly lower
surface area but larger pore volumes. However, since n-heptane is
still a non-solvent for P(St-DVB) polymer, it has not any pores on
the surface. However, pores existed inside the microspheres.
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Fig. 10 SEM images (series 1), size distribution (series 2) and BSED and SE images of AgNPs loading (series 3 and 4) of the porous P(St-DVB)/
AgNPs composite microspheres using different porogens toluene (series a), n-hexadecane (series b) and n-heptane (series c). The insert images
of SEM images in series 1 are the corresponding cross-sections of the composite microspheres.

Referring to the previous literature,* this is due to the differences
in solubility parameters between nonsolvent and polymer. When
the difference in the solubility parameter is too large, a “skin”
formation is promoted. The difference in the solubility parameter
was increasing by a decreasing polarity of porogen. Since the
continuous phase was water in our polymerization system, highly
nonpolar porogen such as n-heptane opposed to be present in the
water/oil interface due to the high interfacial tension. The
interface became rich in St monomer and P(St-DVB) polymer,
resulting in a “skin” layer, while the interior was porous.
Regarding the size distribution of microspheres in Fig. 10 (series 2),
toluene and n-heptane used as porogens tend to obtain mono-
disperse composite microspheres, while the size distribution of the
microspheres is wider using n-hexadecane.

(a) 400
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—a— n-Heptane as porogen

350
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Fig. 11
microspheres with different porogens.
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Furthermore, the porosity parameters of P(St-DVB)/AgNPs
composite microspheres synthesized using different porogens
were studied by sorption analysis using nitrogen as the sorbate
molecule. Nitrogen adsorption-desorption isotherms and cor-
responding pore distribution of P(St-DVB)/AgNPs
composite microspheres are shown in Fig. 11. The micro-
spheres, which were obtained using toluene as the porogen
exhibited a combination of type III and type IV nitrogen sorp-
tion isotherms and the H3 type of hysteresis loop seen from the
IUPAC Technical Report, suggesting the presence of mesopores
and a small number of macropores.** The microspheres, which
were obtained using n-hexadecane as the porogen, exhibited
type III nitrogen sorption isotherms and H3 type of hysteresis
loop, suggested the presence of micropores and macropores.

size

(b) o0.004
—s=—toluene as porogen
— —e— n-Hexadecane as porogen
'E 0.003 —4— n-Heptane as porogen
c
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(a) Nitrogen adsorption—desorption isotherms and (b) the corresponding pore size distribution for P(St-DVB)/AgNPs composite
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Table 4 The specific surface area and pore size characteristics of the
porous P(St-DVB)/AgNPs composite microspheres synthesized by
different porogens

Samples Sper” [M? 7] Viwal” [em® g7']  Pore size [nm]
Toluene (S6) 55.16 0.1940 24.85
n-Hexadecane (S13) 70.80 0.5416 75.46
n-Heptane (S14) 8.65 0.0746 3.91

“ Specific surface area from BET nitrogen adsorption. b Cumulative pore
volume from BET nitrogen adsorption. ¢ BJH desorption average pore
diameter.

For the microspheres prepared with n-heptane, the results from
the curves showed that they only had small amount of micro-
pores or mesopores on the surface of the microspheres. The
detailed surface area and pore size parameters listed in Table 4
indicated that n-hexadecane as a porogen made macropores
and n-heptane nearly had not any contribution to the pore
surface, which were correlated with SEM images in Fig. 10.

In order to analyze the influence of the porogens used on the
loading of AgNPs, TGA curves of different microspheres obtained
by the different porogens were performed in air atmosphere. The
obtained TGA curves showed that the microspheres using
toluene as a porogen contained the most amount of AgNPs, while
the microspheres using n-heptane as a porogen contained the
least amount of AgNPs. This could be related to the morphologies
of the obtained microspheres. The distribution of AgNPs on the
surfaces of the microspheres was also investigated. The SE and
BSED images in Fig. 10 (series 3) showed silver nanoparticles,
which were deposited uniformly along the outer surfaces of the
microspheres. The sizes of the silver nanoparticles followed the
order: S13 (n-hexadecane as porogen) > S6 (toluene as porogen) >
S14 (n-heptane as porogen).

3.3. Catalytic activity of porous P(St-DVB)/AgNPs composite
microspheres

Metallic silver nanoparticles have been extensively investigated
for their catalytic activities for degradation of nitrophenols,
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80- c——n-Heptane
<
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20 /c10.93%
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Fig. 12 TGA curves of porous P(St-DVB)/AgNPs composite micro-
spheres synthesized by different porogens (a) toluene, (b) n-hex-
adecane and (c) n-heptane.
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Fig. 13 Catalytic performance of the porous P(St-DVB)/AgNPs
composite microspheres: UV-Vis absorption spectra of MB solution in
the presence of NaBH,4 with (a) blank porous P(St-DVB) and with (b) the
porous P(St-DVB)/AgNPs composite microspheres, and the insets
were corresponding photographs of the reaction solution in the
presence of NaBH,4 before and after the catalytic reactions; (c) the
plots of In(A;/Ap) versus reaction time for catalytic reduction of MB with
different loading content of AgNPs in porous P(St-DVB)/AgNPs
composite microspheres; (d) the plots of In(A./Aq) versus reaction time
for catalytic reduction of MB with different porogen used porous P(St-
DVB)/AgNPs composite microspheres; (e) conversion of MB in 10
successive cycles with the composite microspheres.

nitroanilines and various dyes, such as methylene blue (MB)
and methyl orange.*>** Herein, the catalytic degradation prop-
erty of P(St-DVB)/AgNPs composite microspheres for organic
dyes was investigated. MB was selected as a model dye and its
evolution of UV-Visible spectra at the wavelength of absorbance
maximum (Anyay) at 665 nm during the reduction was illustrated
in Fig. 13(a and b). Without catalyst addition, the peak intensity
at 665 nm did not have a significant change in 50 min even in
the presence of NaBH, in Fig. 13(a). By contrast, after the
addition of the P(St-DVB)/AgNPs composite microspheres, the
intensity of the absorbance peak at 665 nm declined signifi-
cantly with time in Fig. 13(b). The occurrence of rapid degra-
dation with the addition of the composite microsphere catalyst
was further confirmed by comparing the corresponding color
change of the solutions (insets of Fig. 13(a and b)). The blue
solution faded into colorless with the addition of the composite
microsphere catalyst in 5 min, while the color of the solution
without the catalyst remained blue.

In this research, the concentration of NaBH, was chosen to
largely exceed the concentration of MB. Thus the kinetics of the
reduction could be treated as pseudo-first order for the MB
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concentration. The rate constant of this reaction is calculated
using the formula (1).

In(A/Ag) = —kappt 1)

where k,p;, is the apparent rate constant, ¢ is the reaction time,
Ay is initial concentration of MB, and 4, is concentration of MB
at time ¢. In Fig. 13(c and d), the influences of AgNPs loading
contents on the composite microsphere catalysts and the
porous structures of the composite microsphere catalysts on the
catalytic activity were investigated. To investigate the influence
of AgNPs loading contents on the catalytic activity, samples S1,
S2, S6, S11 and S12 were used, which were listed in Table 3. The
samples obtained from different porogens listed in Table 4 (S6,
S13 and S14) were used to investigate the influence of porous
structures of the composite microspheres on the catalytic
activity. In order to eliminate differences of the AgNPs loading
contents from different structured samples, 10 mg S6 (toluene
as porogen), 10.87 mg S13 (n-hexadecane as porogen) and
13.36 mg S14 (n-heptane as porogen) catalysts were added
respectively in the catalytic reaction, which is calculated from
the data of TGA curves in Fig. 12.

In summary, from the results of Fig. 13(c), the catalytic rate
increased with increasing content of the AgNPs loaded on the
microspheres, i.e. the AgNPs played the most important role on
the catalysis. In Fig. 13(d), the rate constants k,p, of composite
microspheres with toluene, n-hexadecane and n-heptane as
porogens were 1.17 min~ ', 0.52 min~ " and 0.25 min " respec-
tively, which means the mesoporous structure came from
toluene as porogens benefits the catalytic degradation of MB.

In addition to the catalytic activity, reusability is critically
important for practical dye degradation applications. The
repeated catalytic performance of the P(St-DVB)/AgNPs
composite microspheres were shown in Fig. 13(e). The
composite microsphere catalyst was still able to degrade ~96%
of MB at the 10™ run, indicating excellent recyclability of the
porous P(St-DVB)/AgNPs composite microspheres as a catalyst.
The excellent recyclability was attributed to the affinity of AgNPs
to the porous P(St-DVB) substrates.

4. Conclusions

In this research, porous P(St-DVB)/AgNPs composite micro-
spheres with tunable porosity were prepared through a one-pot
preparation method based on seed swelling polymerization by
directly dispersing self-synthesized organic-soluble AgNPs into
the mixture of reactive chemicals. The tunable porosity was
obtained mainly by regulating the ratio between the monomer
styrene and the crosslinker DVB, by adjusting the amount of
AgNPs adding into the polymerization and by changing the type
of porogens used during the polymerization. The prepared
porous P(St-DVB)/AgNPs composite microspheres showed
excellent catalytic activity in the degradation of methylene blue
with NaBH,. The catalytic rate was influenced by the amount of
AgNPs loaded on the composite microspheres as well as the
pore type of the composite microspheres. The degradation
results showed mesopores obtained by using toluene as
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porogen and had the highest catalytic rate compared to the
macropores and micropores structures. The excellent catalytic
performance of 16.7% AgNPs loaded mesopores P(St-DVB)/
AgNPs composite microspheres was demonstrated after 10
catalytic cycles. Thus a good stability and durability of AgNPs
was obtained by using mesopores P(St-DVB) as a matrix. In the
future, this kind of novel composite materials may have great
potential in the application for water and gas treatment, energy
storage, antibacterial agent and SERS sensing.
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