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Abstract: An antibacterial superabsorbent polymer (SAP) was synthesized by grafting acrylic
acid (AA) onto carboxymethyl cellulose (CMC) and mixing with silver particles, with
N,N′-methylenebisacrylamide used as a crosslinker and potassium persulfate as an initiator. Silver
nanoparticles were produced through the reaction between glucose and silver nitrate. The effects
of the amount of silver nitrate added in the polymer on the swelling ratio were investigated and
the maximum swelling ratio of the SAP loaded with silver particles in distilled water and in a
0.9 wt % NaCl solution reached 840 g/g and 71 g/g, respectively, when the silver nitrate added was
50 mg. The SAP was characterized by Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, ultraviolet-visible spectroscopy, scanning electron microscopy, energy dispersive
spectrometry, transmission electron microscopy, and thermogravimetric analysis. Through these
analysis methods, it could be seen that the acrylic acid was successfully grafted onto CMC, forming
a three-dimensional network structure, with the successful production of silver nanoparticles with
sizes ranging from 5 nm to 50 nm. Moreover, the antibacterial properties of the SAP loaded with
silver nanoparticles against Staphylococcus aureus and Escherichia coli were investigated and the results
show that they became more effective with increasing silver nitrate concentration. The obtained SAP
can be useful in developing new antibacterial medical and public health supplies.
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1. Introduction

Superabsorbent polymers (SAPs) are a kind of three-dimensional cross-linked hydrophilic
polymer that can absorb and retain large amounts of water or aqueous solution due to their networks
and hydrophilic groups, such as hydroxyl and carboxyl groups [1,2]. Owing to their excellent water
absorbency, the applications of SAPs are continuing to grow in a variety of fields, such as in waste
disposal, agriculture, the food industry, hygiene products, and consumer products [3–6]. Although
SAPs have been widely used and commercialized, it is still essential to broaden the use of SAPs and
to improve their performance, including their liquid-absorbing capacity and antibacterial properties.
Furthermore, there are still a number of challenges that must be addressed in these fields, meaning that
additional research needs to be carried out.

An important issue is that most commercialized SAPs are synthetic polymers based on vinyl
monomers, such as acrylic acid and acrylamide, which are poorly biodegradable and harmful to the
environment [7]. To solve this problem, significant research has been completed to produce eco-friendly
SAPs based on natural materials to reduce the damage to the environment. As expected, natural
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materials are of particular interest because they can be biodegradable and are both inexpensive and
widely available. Hence, polysaccharides and proteins, such as guar gum, tara gum, tragacanth gum,
starch, cellulose, and soy protein, have become a promising focus in the design and preparation of
natural-based SAPs because these carbohydrate polymers are biodegradable, biocompatible, nontoxic,
and economical [8–13]. Researches have shown that the copolymerization between vinyl monomers
and natural materials can be conducted successfully [14,15].

Carboxymethyl cellulose (CMC) is a biodegradable and biocompatible polymer that can be widely
used in preparing eco-friendly SAPs. It is a representative cellulose derivative of some hydroxyl
carboxylated groups on the cellulose backbone and is usually made by the alkali-catalyzed reaction of
natural cellulose with chlorinated acetic acid [16]. It has been widely used as a thickener and stabilizer
in the food industry [17,18]. Therefore, it is a good choice for the preparation of natural-based SAPs.

More than 80% of SAPs in the world are currently used in public health products and cosmetics
in which antibacterial properties are required [19,20]. Therefore, in order to improve and expand
the applications of SAPs for medical and public health usage, it is very important to enhance
their antibacterial properties. To improve the antibacterial activity, silver nanoparticles have been
added as an antibacterial agent [21]. Among the various antimicrobial agents, metal particles
show a broad spectrum of antibacterial activity such as silver, titanium dioxide, and zinc oxide
nanoparticles [22,23]. Silver nanoparticles have unique electrical, optical, catalytic properties and
antibacterial activity, resulting in numerous applications in industrial and medical fields, such as water
treatment, bio-sensing, and the treatment of disease [24–26]. Silver is the most effective antibacterial
metal particle and it shows effective antimicrobial efficacy against bacteria, fungi, and viruses [27,28].
On the one hand, silver can react with the sulfur-containing and amine-containing functional groups in
nucleic acids and proteins, such as -SH and -NH2, leading to protein coagulation and enzyme inhibition.
On the other hand, silver reacts with the DNA of microorganisms, destroying the normal activities of
some functional systems in the cell and thereby preventing normal metabolism [29,30]. Currently, silver
has widely been used as an effective bacteriostat in wound dressings, medical products, and water
purification systems [31,32]. In recent years, studies on silver nanoparticles-loaded SAP have developed
rapidly. In many studies, an in situ synthesis method was used with trisodium citrate (C6H5O7Na3) [33]
and sodium borohydride (NaBH4) [34] as reducing agent, which is costly and may introduce pollution
from the other synthetic chemicals. Juby et al. synthesized a silver nanoparticles-loaded SAP with
γ-rays which are harmful to the human body [35]. Therefore, simpler and greener methods for
synthesizing silver nanoparticles-loaded SAP are required. Glucose is an important monosaccharide
widely distributed in nature and used as a reducing agent because of the aldehyde group [36,37]. It is
an excellent choice for the preparation of silver nanoparticles because of its wide source, low cost,
with no pollution to the environment.

In the current work, a silver nanoparticles-loaded SAP based on a CMC graft copolymerized
with PAA was synthesized by in situ synthesis. Silver nanoparticles were produced with glucose
reducing silver nitrate. We investigated the effect of the amount of silver nitrate (AgNO3) added in
the polymer on its swelling ratio in distilled water and 0.9 wt % NaCl solution. The polymers were
characterized using Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD); ultraviolet-visible spectrophotometry (UV-Vis), scanning electron
microscopy (SEM), energy dispersive spectrometry (EDS), and thermogravimetric analysis (TGA).
Furthermore, we tested the antibacterial activity of the SAP loaded with silver nanoparticles against
Staphylococcus aureus and Escherichia coli. The results above are valuable and useful for the
understanding and application of this type of SAP in medical applications.



Molecules 2018, 23, 2483 3 of 15

2. Materials and Methods

2.1. Materials

Carboxymethyl cellulose (CMC) was obtained from Dymatic Fine Chemical Co., Ltd. (Guangzhou,
China). Acrylic acid (AA) was purchased from Tianli Chemical Reagent Co., Ltd. (Tianjin, China),
purified by activated carbon before use. Sodium hydroxide (NaOH) was purchased from Guangfu
Technology Development Co., Ltd. (Tianjin, China). Potassium persulfate (KPS) was provided by
Sitong Chemical Plant (Tianjin, China). N,N-methylene bisacrylamide (MBA) was provided by Regent
Chemicals Co., Ltd. (Tianjin, China). Glucose was provided by Yongda Chemical Reagent Co., Ltd.
(Tianjin, China) and silver nitrate (AgNO3) was purchased from Fine Chemical Materials Research
Institute (Shanghai, China). Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were purchased
from Haibo Co., Ltd. (Shandong, China).

2.2. Synthesis of CMC-g-PAA Superabsorbent Hydrogel Loaded with Silver Particles

Activated carbon was added to crude AA to remove the polymerization inhibitors and impurities.
After standing for 1 h and filtering, the purified AA was obtained. A mixed solution containing
purified AA, NaOH solution (2 mol/L), MBA (6.49 × 10−2 mol/L), and glucose (1.11 × 10−1 mol/L)
was prepared by agitation in an ice bath. Then 1 g CMC and 20 mL distilled water were added with
stirring into a 3-neck round bottom flask under nitrogen atmosphere and the flask was placed in the
water bath at 60 ◦C. AgNO3 (5.89 × 10−2 mol/L) was added into the flask after 10 min stirring and
the solution of initiator (KPS, 7.40 × 10−2 mol/L) was added after another 10 min. After stirring
15 min, the mixed solution was added to the flask under the protection of nitrogen as before. The molar
ratio of glucose to silver nitrate was 2:1 to ensure that silver ions react fully to form silver particles.
The hydrogel was obtained after another 75 min stirring. The polymer was cut into small pieces and
dried at 60 ◦C after immersion cleaning with ethanol. The dried product was crushed into a certain
size of granularity for characterization and test.

2.3. Characterization

2.3.1. Swelling Behavior

A certain amount of 80–120 mesh SAP powder (about 0.1 g) was placed into a 200-mesh nylon
sieve pouch and then immersed into a certain weight of distilled water (300 mL) or 0.9 wt % NaCl
solution (200 mL) to reach the swelling equilibrium at room temperature. The pouch with SAP powder
was taken out from water after reaching the swelling equilibrium and then stood for 30 min to filter
out the excess water. The swelling ratio of the sample was calculated by the equation as follows:

Q = (m1 −m2 −m3)/m3 (1)

where m1 is the weight of the swollen SAP (g), m2 is the weight of the nylon sieve pouch (g) and m3 is
the weight of the dry SAP (g). Q is the swelling ratio (g/g) of the SAP [38].

2.3.2. FTIR Spectroscopy

FTIR analysis was recorded on a Nicolette 6700 spectrometer (Thermo Fisher Scientific Co., Ltd.,
Waltham, MA, USA) with attenuated total reflection (ATR) mode in the range of 4000–600 cm−1 at a
resolution of 4 cm−1.

2.3.3. X-ray Diffraction (XRD)

XRD patterns of the hydrogels were analyzed by using a D/max-2200 diffractometer (Rigaku,
Japan) at a voltage of 40 kV and a current of 30 mA through Cu-Kα radiation. The scanning scope of
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2θ was ranged from 5◦ to 90◦ at a scanning rate of 5◦/min. The sample was ground to a powder of
>200-mesh for testing.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis Ultra DLD X-ray
photoelectron spectrometer with an Al Kα X-ray source (1486.6 eV photons).

2.3.5. UV-Vis Spectrophotometer

The UV-Vis absorption spectra of the SAPs were performed on an ultraviolet-visible (UV-Vis)
spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) with a scan range of 200–600 nm. Silver particles
have unique and tunable optical properties due to surface plasmon resonance (SPR) and this is related
to the shape, size, and size distribution of the particles [39]. In this study, SAPs were tested after
swelling in water. The distilled water was used as blank solution.

2.3.6. Scanning Electronic Microscopy (SEM)

Surface morphology of the samples was examined on a Quanta 200 scanning electron microscope
(Philips-FEI Co., Amsterdam, The Netherlands). Samples coated with a thin gold layer were analyzed
at an accelerating voltage of 10 kV.

2.3.7. Energy Dispersive Spectrometer (EDS)

The element analysis of the particles in the superabsorbent polymer was carried out by SEM
equipped with an energy dispersive spectrometer which can provide a rapid qualitative and
quantitative analysis of the elemental composition.

2.3.8. Transmission Electron Microscopy (TEM)

The shape and size of silver nanoparticles were characterized through transmission electron
microscopy (TEM) by using the JEM-2100 (JEOL LTD, Tokyo, Japan) at 200 kV. The freeze-dried
hydrogel was dispersed in ethanol. Two to three drops of the dispersion were dispensed onto the grid
and the excess fluid was removed after 5 min. The air-dried grid was then observed by using TEM.

2.3.9. Thermogravimetric Analysis (TGA)

Thermal stability of the prepared hydrogels was implemented using a TA Instruments TGA Q500
thermal gravimetric analyzer (TA Instruments, New Castle, DE, USA). The samples were heated from
25 to 600 ◦C at a rate of 20 ◦C/min under nitrogen atmosphere. A derivative form of TGA (DTG)
was obtained.

2.3.10. Antibacterial Activity

Antibacterial activity of the superabsorbent hydrogels was determined against both Gram-positive
bacteria, S. aureus and Gram-negative bacteria, E. coli according to the agar diffusion test [40].
The superabsorbent polymers were pressed into tablets of 1 cm after grinding into powder and
placing the tablets on the agar plate to expose to bacteria in solid media. The inhibition zone around
each tablet was measured and recorded as the antibacterial effect of SAPs after the agar plates with
SAPs were incubated at 37 ◦C for 12 h.

3. Results and Discussion

3.1. Reaction Mechanism for Formation of the SAP Loaded with Silver Particles

Graft copolymerization of acrylic acid onto CMC was carried out in the presence of KPS as an
initiator and MBA as a crosslinking agent. In order to initiate the grafting process, the initiator was first
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decomposed by heating to 60 ◦C to produce free radicals which further initiated CMC to form alkoxy
groups. The monomer molecules that are closely adjacent to free radicals accept CMC free radicals,
leading to chain initiation reactions. As a result, the monomer molecules become free radical donors of
adjacent molecules to support graft chain growth and a chain structure formed with a considerable
molecule weight [41]. Because of the presence of the crosslinking agent, MBA, the chain structures
polymerized into a network structure.

Since silver is a transition metal with empty orbitals, it can form carboxylate metal ion
complexes [42]. The silver nanoparticles are immobilized throughout the networks because of the
strong localization of the silver ions within the network, which is caused by the complexation of silvers
ions by the carboxyl groups [21] and polymers with carboxylic acid groups have the ability to stabilize
compounds with metal ions [43]. CMC contains carboxyl groups that can stabilize the silver ions.
Then, the added glucose can reduce silver ions to silver nanoparticles. Scheme 1 shows the procedure
of the preparation of the SAP loaded with silver nanoparticles.
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Scheme 1. The mechanism for preparation of silver nanoparticles-loaded superabsorbent
polymers (SAPs).

3.2. Swelling Behavior

Figure 1 shows the swelling behavior of the SAP prepared in distilled water and 0.9 wt % NaCl
solution. It can be seen that with an increasing amount of AgNO3, the swelling ratio of the SAPs
increases. The water absorption capacity of the SAP is mainly due to its three-dimensional network
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structure and hydrophilic groups. When there are no silver nanoparticles in the SAP, its swelling ratio
can reach 480 g/g in distilled water and 55 g/g in 0.9 wt % NaCl solution. However, when the silver
particles are embedded in the SAP, the swelling ratio increased significantly. The swelling ratio of
CMC-g-PAA/Ag with 50 mg AgNO3 added in distilled water and 0.9 wt % NaCl solution reached
860 g/g and 74 g/g, respectively, which is much higher than some other SAPs [44,45]. The reason for
this may be that the formation of silver nanoparticles can increase the pores and free spaces within the
network structure of the SAP, and as a consequence, the SAP can adsorb more water than before.
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Figure 1. Swelling behavior in distilled water and 0.9 wt % NaCl solution of the superabsorbent
polymer (SAP).

3.3. FTIR Analysis

The FTIR spectra of CMC, CMC-g-PAA and SAP loaded with silver nanoparticles are shown in
Figure 2. In the spectrum of CMC, the broad band at 3420 cm−1 is assigned to the stretching vibration of
O–H, which is associated with free, inter and intra-molecular bound hydroxyl groups [46]. The bands
at about 2929 cm−1 and 2897 cm−1 were attributed to the C–H stretching vibration of hydrocarbon [47].
Characteristic bands at 1590 cm−1 and 1420 cm−1 are due to the symmetric and asymmetric stretching
of COO− groups in CMC, respectively [48]. The peak at 1323 cm−1 is attributed to the stretching of
O–H bending, respectively [49] and the absorption band at 1024 cm−1 indicated the C–O–C stretching
of 1,4-b-D-glucosidic linkage [50]. For the spectra of CMC-g-PAA and CMC-g-PAA/Ag, the peaks at
~3420 cm−1 and ~1323 cm−1 (O–H group) and the peak at ~1024 cm−1 (C–O–C group) become smaller,
which is due to the graft copolymerization between CMC and PAA. The new band at 1690 cm−1 is
attributed to the C=O stretching vibration of the carboxyl group in PAA, which means the PAA was
grafted onto the CMC successfully [51]. The peak at 1555 cm−1 is due to the COO− group. Since the
carboxyl groups in the CMC coordinate with Ag+ and the acrylic acid used in the synthesis of SAP
also has COO− groups, the peak is strong and red-shifted. The peaks appearing at 1450 cm−1 and
1380 cm−1 are caused by the vibrational absorption of –CH3 of the SAP. The weak bands at 1236 cm−1

and 1170 cm−1 are due to the C–O–C stretching vibration. The characteristic features of the spectrum
of SAP loaded with silver particles are almost similar to the spectrum of the CMC-g-PAA because
silver nanoparticles do not have characteristic peaks in FTIR.
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of carboxymethyl cellulose (CMC),
CMC-g-PAA and CMC-g-PAA/Ag.

3.4. XRD Analysis

Figure 3 displays the XRD patterns of CMC, CMC-g-PAA and CMC-g-PAA/Ag. A sharp peak at
~20◦ indicates that amorphous and crystalline regions existed in CMC, which became weakened in the
patterns of CMC-g-PAA and CMC-g-PAA/Ag, indicating that the graft copolymerization between
PAA and CMC destroyed the ordered arrangement of CMC. After embedding silver nanoparticles,
the XRD pattern of CMC-g-PAA/Ag is similar to that of CMC-g-PAA, while peaks at ~37◦ and ~77◦

occurred due to the (111) and (311) planes of the silver nanoparticles [45].
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3.5. XPS Analysis

XPS was carried out to determine the chemical state of silver in the SAP. Figure 4a,b show the
results of the XPS wide sweep of CMC-g-PAA and CMC-g-PAA/Ag. Upon comparing the two
graphs, there is a clear 3d peak of silver in Figure 4a, which shows the presence of metallic silver in
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CMC-g-PAA/Ag. In addition, Figure 4b shows high-resolution XPS spectra of Ag (3d) core levels in
CMC-g-PAA/Ag. The binding energies for Ag (3d5/2) and Ag (3d3/2) peaks are 368.0 eV and 374.0 eV,
respectively, whereas the binding energies shown in Figure 4b are 367.9 eV and 373.9 eV, respectively.
The 3d double cleavage of Ag is 6.0 eV, indicating the formation of metallic silver in the SAP [52,53].

Molecules 2018, 23, x FOR PEER REVIEW  8 of 15 

 

graphs, there is a clear 3d peak of silver in Figure 4a, which shows the presence of metallic silver in 
CMC-g-PAA/Ag. In addition, Figure 4b shows high-resolution XPS spectra of Ag (3d) core levels in 
CMC-g-PAA/Ag. The binding energies for Ag (3d5/2) and Ag (3d3/2) peaks are 368.0 eV and 374.0 eV, 
respectively, whereas the binding energies shown in Figure 4b are 367.9 eV and 373.9 eV, 
respectively. The 3d double cleavage of Ag is 6.0 eV, indicating the formation of metallic silver in 
the SAP [52,53]. 

 

Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of (a) CMC-g-PAA and CMC-g-PAA/Ag, 
(b) XPS peak of Ag (3d) in CMC-g-PAA/Ag. 

3.6. UV-Vis Spectrophotometer 

The UV-Vis spectra of CMC-g-PAA and CMC-g-PAA/Ag are shown in Figure 5. Compared to 
the spectrum of CMC-g-PAA, the spectrum of CMC-g-PAA/Ag has a distinct peak at about 420 nm. 
The peak at 420 nm corresponds to the wide SPR of the silver particles, confirming the formation of 
silver particles with a broad size distribution in the SAP [54]. The band shows the size distribution 
of the silver particles [55]. 

 
Figure 5. UV-Vis spectra of (a) CMC-g-PAA and (b) CMC-g-PAA/Ag. 

3.7. Morphologies of the Superabsorbent Polymers 

The water absorbency and retention rate of the SAP depend on the hydrogel porosity and pore 
size [56]. An important property of SAPs is their microstructure morphologies. As shown in Figure 
6, the SEM micrographs of the CMC-g-PAA and CMC-g-PAA/Ag depicted a developed 3D network 

Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of (a) CMC-g-PAA and CMC-g-PAA/Ag,
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3.6. UV-Vis Spectrophotometer

The UV-Vis spectra of CMC-g-PAA and CMC-g-PAA/Ag are shown in Figure 5. Compared to
the spectrum of CMC-g-PAA, the spectrum of CMC-g-PAA/Ag has a distinct peak at about 420 nm.
The peak at 420 nm corresponds to the wide SPR of the silver particles, confirming the formation of
silver particles with a broad size distribution in the SAP [54]. The band shows the size distribution of
the silver particles [55].
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3.7. Morphologies of the Superabsorbent Polymers

The water absorbency and retention rate of the SAP depend on the hydrogel porosity and pore
size [56]. An important property of SAPs is their microstructure morphologies. As shown in Figure 6,
the SEM micrographs of the CMC-g-PAA and CMC-g-PAA/Ag depicted a developed 3D network
structure in which the size of the pores are about 45–50 µm providing spaces for water absorption.
It can be seen from Figure 6a,b that the SAP has a three-dimensional network and large amounts
of pores, which is due to the graft copolymerization between AA and CMC. After absorbing water,
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the compact network structure fully expands and the suction space becomes larger. In addition,
the generation of silver particles in CMC-g-PAA/Ag results in more pores, which corresponds to the
increase in the water absorbency of the SAP.
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The EDS analysis for SAP loaded with silver particles is shown in Figure 6c. The EDS quantitative
analysis shows that the SAP loaded with silver particles (50 mg of silver nitrate) contains about
9.13 wt % nitrogen, 13.83 wt % silver, 17.81 wt % sodium, 24.28 wt % oxygen and 34.95 wt % carbon.
The existence of nitrogen and sodium is the result of crosslinking agent and NaOH, while the existence
of silver is due to the reaction between glucose and silver nitrate. The presence of silver endowed the
SAP with antibacterial properties shown in Figure 6.

3.8. Transmission Electron Microscopy (TEM)

As can be seen in Figure 7, the silver nanoparticles exist in irregular nanospheres with sizes
ranging from 5 nm to 50 nm. The size of the particles gradually increased as the amount of AgNO3

increased because the increased amount of silver makes the particles conglomerate. Therefore,
larger particles formed.
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3.9. Thermal Stability

The TGA thermograms of CMC, CMC-g-PAA, and CMC-g-PAA/Ag, along with their DTG
curves, are shown in Figure 8, which can accurately indicate the temperature changes of the hydrogel
in the application. The TGA curves showed the weight loss pattern and the DTG curves showed the
maximum decomposition temperature for each thermal degradation step. It can be seen from Figure 8
that CMC, CMC-g-PAA, and CMC-g-PAA/Ag all undergo multi-step thermal degradation. CMC has
two stages of weight loss. The first weight reduction is mainly due to the small amount of moisture
in the sample. The second stage is mainly due to the decomposition of CMC. As CMC has carboxyl
groups and in this temperature range decarboxylation occurs, this part weight loss is because of the
CO2 loss from polysaccharides. According to CMC-g-PAA, the first step occurs at 80–230 ◦C, which is
mainly due to the moisture and residual organic solvent in the SAP. The second stage is at 250–400 ◦C
and it is mainly because of the decomposition of linear small molecules and oligomers. The third
stage is mainly due to the decomposition of the SAP. The TGA curve of CMC-g-PAA/Ag is similar
to that of CMC-g-PAA. The only difference is that in the third weight loss stage, the weight loss of
CMC-g-PAA/Ag is less than CMC-g-PAA in the third stage. This is because CMC-g-PAA/Ag contains
silver particles that cannot be broken down in a nitrogen atmosphere.
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3.10. Antibacterial Activity

The antibacterial activity of the SAP loaded with silver nanoparticles was measured against Gram
+ve bacteria (S. aureus) and Gram −ve bacteria (E. coli) using an agar diffusion test. It can be seen
from Figure 9a that the SAPs containing silver nanoparticles have great antibacterial properties against
both S. aureus and E. coli, as evidenced by the larger inhibition zone while the effect of inhibiting
S. aureus is better than that of E. coli. This can be attributed to the fact that silver nanoparticles
can interact with phosphorus-containing compounds and sulfur-containing proteins from the cell
membrane, attacking the respiratory chain and cell division, leading to cell death. It can also be seen
that with increasing AgNO3, the antibacterial effect improves because the silver content increased,
thus enhancing the antibacterial effect. Some other studies also proved that silver nanoparticles used
in biomass composites exhibit good antibacterial activity [57,58].

The dried SAPs still have an antibacterial effect after swelling in water, as can be seen from
Figure 9b. Some silver nanoparticles did not escape from the network due to the packaging effect and
electrostatic effect. Therefore, the SAP-containing silver nanoparticles still show certain antibacterial
effects against S. aureus and E. coli.
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4. Conclusions

In this work, an antibacterial SAP based on CMC grafted with PAA and loaded with silver
nanoparticles was successfully prepared with improved water absorbency and good antibacterial
activity. The structure of the silver nanoparticles-loaded SAP was confirmed by FTIR, XRD, XPS,
UV-Vis, SEM, EDS, TEM, and TGA analysis. From the swelling test, it can be seen that the maximum
swelling ratios in distilled water and 0.9 wt % NaCl solution were 860 g/g and 74 g/g, respectively.
The results revealed that PAAs were well grafted on CMC molecules and silver nanoparticles were
successfully synthesized in the antibacterial SAPs. The SEM micrographs show that the SAPs have
a porous structure and three-dimensional network that can accommodate a large amount of water.
In addition, it can be seen from the TGA analysis that the thermal stability of the antibacterial SAP
increased after adding silver nanoparticles and it can be safely used up to 300 ◦C. Moreover, it can be
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seen clearly from the results of the antibacterial activity test that this type of SAP has a significant and
effective inhibitory effect on S. aureus and E. coli. Therefore, this type of SAP can be widely used in
pharmaceutical and public health products.

Author Contributions: Conceptualization, L.W. and J.L.; Investigation, J.S.; Data Curation, J.S.; Writing-Original
Draft Preparation, J.S.; Writing-Review & Editing, J.S. and C.C.; Project Administration, L.W. and J.S.

Funding: This work was supported by the Fundamental Research Funds of the Central Universities
(2572016AB18).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feng, E.; Ma, G.; Wu, Y.; Wang, H.; Lei, Z. Preparation and properties of organic-inorganic composite
superabsorbent based on xanthan gum and loess. Carbohydr. Polym. 2014, 111, 463–468. [CrossRef] [PubMed]

2. He, G.H.; Ke, W.W.; Chen, X.; Kong, Y.H.; Zheng, H.; Yin, Y.H.; Cai, W.Q. Preparation and
properties of quaternary ammonium chitosan-g-poly (acrylic acid-co-acrylamide) superabsorbent hydrogels.
React. Funct. Polym. 2017, 111, 14–21. [CrossRef]

3. Azman, I.; Mutalib, S.A.; Yusoff, S.F.M.; Fazry, S.; Noordin, A.; Kumaran, M.; Lazim, A.M. Novel Dioscorea
hispida starch-based hydrogels and their beneficial use as disinfectants. J. Bioact. Compat. Polym. 2016, 31,
42–59. [CrossRef]

4. Lee, H.X.D.; Wong, H.S.; Buenfeld, N.R. Potential of superabsorbent polymer for self-sealing cracks in
concrete. Adv. Appl. Ceram. 2010, 109, 296–302. [CrossRef]

5. Li, X.D.; Li, Q.; Su, Y.; Yue, Q.Y.; Gao, B.Y.; Su, Y. A novel wheat straw cellulose-based semi-ipns
superabsorbent with integration of water-retaining and controlled-release fertilizers. J. Taiwan Inst. Chem. Eng.
2015, 55, 170–179. [CrossRef]

6. Zhang, M.; Cheng, Z.; Zhao, T.; Liu, M.; Hu, M.; Li, J. Synthesis, characterization, and swelling behaviors
of salt-sensitive maize bran-poly(acrylic acid) superabsorbent hydrogel. J. Agric. Food Chem. 2014, 62,
8867–8874. [CrossRef] [PubMed]

7. Chen, Y.; Tang, H.L.; Liu, Y.; Tan, H.M. Preparation and study on the volume phase transition properties of
novel carboxymethyl chitosan grafted polyampholyte superabsorbent polymers. J. Taiwan Inst. Chem. Eng.
2016, 59, 569–577. [CrossRef]

8. Abd Alla, S.G.; Sen, M.; El-Naggar, A.W. Swelling and mechanical properties of superabsorbent hydrogels
based on tara gum/acrylic acid synthesized by gamma radiation. Carbohydr. Polym. 2012, 89, 478–485.
[CrossRef] [PubMed]

9. Chandrika, K.P.; Singh, A.; Rathore, A.; Kumar, A. Novel cross linked guar gum-g-poly(acrylate)
porous superabsorbent hydrogels: Characterization and swelling behaviour in different environments.
Carbohydr. Polym. 2016, 149, 175–185. [CrossRef] [PubMed]

10. Dai, H.J.; Huang, H.H. Synthesis, characterization and properties of pineapple peel cellulose-g-acrylic acid
hydrogel loaded with kaolin and sepia ink. Cellulose 2017, 24, 69–84. [CrossRef]

11. Hemmati, K.; Ghaemy, M. Synthesis of new thermo/ph sensitive drug delivery systems based on tragacanth
gum polysaccharide. Int. J. Biol. Macromol. 2016, 87, 415–425. [CrossRef] [PubMed]

12. Qiao, D.; Yu, L.; Bao, X.; Zhang, B.; Jiang, F. Understanding the microstructure and absorption rate of
starch-based superabsorbent polymers prepared under high starch concentration. Carbohydr. Polym. 2017,
175, 141–148. [CrossRef] [PubMed]

13. Song, W.J.; Xin, J.N.; Zhang, J.W. One-pot synthesis of soy protein (sp)-poly(acrylic acid) (paa) superabsorbent
hydrogels via facile preparation of sp macromonomer. Ind. Crop. Prod. 2017, 100, 117–125. [CrossRef]

14. Soppirnath, K.S.; Aminabhavi, T.M. Water transport and drug release study from cross-linked polyacrylamide
grafted guar gum hydrogel microspheres for the controlled release application. Eur. J. Pharm. Biopharm.
2002, 53, 87–98. [CrossRef]

15. Abdel-Halim, E.S.; Al-Deyab, S.S. Hydrogel from crosslinked polyacrylamide/guar gum graft copolymer
for sorption of hexavalent chromium ion. Carbohydr. Polym. 2011, 86, 1306–1312. [CrossRef]

16. Liu, Y.; Wang, W.B.; Wang, A.G. Adsorption of lead ions from aqueous solution by using carboxymethyl
cellulose-g-poly (acrylic acid)/attapulgite hydrogel composites. Desalination 2010, 259, 258–264. [CrossRef]

http://dx.doi.org/10.1016/j.carbpol.2014.04.031
http://www.ncbi.nlm.nih.gov/pubmed/25037376
http://dx.doi.org/10.1016/j.reactfunctpolym.2016.12.001
http://dx.doi.org/10.1177/0883911515597704
http://dx.doi.org/10.1179/174367609X459559
http://dx.doi.org/10.1016/j.jtice.2015.04.022
http://dx.doi.org/10.1021/jf5021279
http://www.ncbi.nlm.nih.gov/pubmed/25133321
http://dx.doi.org/10.1016/j.jtice.2015.09.011
http://dx.doi.org/10.1016/j.carbpol.2012.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24750747
http://dx.doi.org/10.1016/j.carbpol.2016.04.077
http://www.ncbi.nlm.nih.gov/pubmed/27261742
http://dx.doi.org/10.1007/s10570-016-1101-0
http://dx.doi.org/10.1016/j.ijbiomac.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/26955747
http://dx.doi.org/10.1016/j.carbpol.2017.07.071
http://www.ncbi.nlm.nih.gov/pubmed/28917849
http://dx.doi.org/10.1016/j.indcrop.2017.02.018
http://dx.doi.org/10.1016/S0939-6411(01)00205-3
http://dx.doi.org/10.1016/j.carbpol.2011.06.033
http://dx.doi.org/10.1016/j.desal.2010.03.039


Molecules 2018, 23, 2483 13 of 15

17. Arancibia, C.; Navarro-Lisboa, R.; Zuniga, R.N.; Matiacevich, S. Application of cmc as thickener on
nanoemulsions based on olive oil: Physical properties and stability. Int. J. Polym. Sci. 2016, 2016, 6280581.
[CrossRef]

18. Cai, Z.X.; Wu, J.; Du, B.Q.; Zhang, H.B. Impact of distribution of carboxymethyl substituents in the stabilizer
of carboxymethyl cellulose on the stability of acidified milk drinks. Food Hydrocoll. 2018, 76, 150–157.
[CrossRef]

19. Magnay, J.L.; Nevatte, T.M.; O’Brien, S.; Gerlinger, C.; Seitz, C. Validation of a new menstrual pictogram
(superabsorbent polymer-c version) for use with ultraslim towels that contain superabsorbent polymers.
Fertil. Steril. 2014, 101, 515–522. [CrossRef] [PubMed]

20. Bhattacharya, S.S.; Sen, K.K.; Sen, S.O.; Banerjee, S.; Kaity, S.; Ghosh, A.K.; Ghosh, A. Synthesis and
characterization of poly (acrylic acid)/modified bentonite superabsorbent polymer. Int. J. Polym. Mater.
2011, 60, 1015–1025. [CrossRef]

21. Ghasemzadeh, H.; Ghanaat, F. Antimicrobial alginate/PVA silver nanocomposite hydrogel, synthesis and
characterization. J. Polym. Res. 2014, 21. [CrossRef]

22. Ngoepe, N.M.; Mbita, Z.; Mathipa, M.; Mketo, N.; Ntsendwana, B.; Hintsho-Mbita, N.C. Biogenic synthesis of
zno nanoparticles using Monsonia burkeana for use in photocatalytic, antibacterial and anticancer applications.
Ceram. Int. 2018, 44, 16999–17006. [CrossRef]

23. Baek, S.; Joo, S.H.; Blackwelder, P.; Toborek, M. Effects of coating materials on antibacterial properties of
industrial and sunscreen-derived titanium-dioxide nanoparticles on Escherichia coli. Chemosphere 2018, 208,
196–206. [CrossRef] [PubMed]

24. Kora, A.J.; Sashidhar, R.B.; Arunachalam, J. Gum kondagogu (Cochlospermum gossypium): A template for the
green synthesis and stabilization of silver nanoparticles with antibacterial application. Carbohydr. Polym.
2010, 82, 670–679. [CrossRef]

25. Mohan, Y.M.; Raju, K.M.; Sambasivudu, K.; Singh, S.; Sreedhar, B. Preparation of acacia-stabilized silver
nanoparticles: A green approach. J. Appl. Polym. Sci. 2007, 106, 3375–3381. [CrossRef]

26. Lu, S.; Gao, W.; Gu, H.Y. Construction, application and biosafety of silver nanocrystalline chitosan wound
dressing. Burns 2008, 34, 623–628. [CrossRef] [PubMed]

27. Wu, X.; Li, H.; Xiao, N. Advancement of near-infrared (nir) laser interceded surface enactment of proline
functionalized graphene oxide with silver nanoparticles for proficient antibacterial, antifungal and wound
recuperating therapy in nursing care in hospitals. J. Photochem. Photobiol. B 2018, 187, 89–95. [CrossRef]
[PubMed]

28. Ardestani, M.S.; Fordoei, A.S.; Abdoli, A.; Ahangari Cohan, R.; Bahramali, G.; Sadat, S.M.; Siadat, S.D.;
Moloudian, H.; Nassiri Koopaei, N.; Bolhasani, A.; et al. Nanosilver based anionic linear globular dendrimer
with a special significant antiretroviral activity. J. Mater. Sci. Mater. Med. 2015, 26, 179. [CrossRef] [PubMed]

29. Feng, Q.L.; Wu, J.; Chen, G.Q.; Cui, F.Z.; Kim, T.N.; Kim, J.O. A mechanistic study of the antibacterial effect
of silver ions on Escherichia coli and Staphylococcus aureus. J. Biomed. Mater. Res. 2000, 52, 662–668. [CrossRef]

30. Nawaz, M.; Han, M.Y.; Kim, T.I.; Manzoor, U.; Amin, M.T. Silver disinfection of Pseudomonas aeruginosa and
E. coli in rooftop harvested rainwater for potable purposes. Sci. Total Environ. 2012, 431, 20–25. [CrossRef]
[PubMed]

31. Liang, D.; Lu, Z.; Yang, H.; Gao, J.; Chen, R. Novel asymmetric wettable agnps/chitosan wound dressing:
In vitro and in vivo evaluation. ACS Appl. Mater. Interfaces 2016, 8, 3958–3968. [CrossRef] [PubMed]

32. Johari, S.A.; Kalbassi, M.R.; Soltani, M.; Yu, I.J. Application of nanosilver-coated zeolite as water filter media
for fungal disinfection of rainbow trout (Oncorhynchus mykiss) eggs. Aquac. Int. 2016, 24, 23–38. [CrossRef]

33. Gils, P.S.; Ray, D.; Sahoo, P.K. Designing of silver nanoparticles in gum Arabic based semi-ipn hydrogel.
Int. J. Biol. Macromol. 2010, 46, 237–244. [CrossRef] [PubMed]

34. Vimala, K.; Sivudu, K.S.; Mohan, Y.M.; Sreedhar, B.; Raju, K.M. Controlled silver nanoparticles synthesis in
semi-hydrogel networks of poly(acrylamide) and carbohydrates: A rational methodology for antibacterial
application. Carbohydr. Polym. 2009, 75, 463–471. [CrossRef]

35. Juby, K.A.; Dwivedi, C.; Kumar, M.; Kota, S.; Misra, H.S.; Bajaj, P.N. Silver nanoparticle-loaded pva/gum
acacia hydrogel: Synthesis, characterization and antibacterial study. Carbohydr. Polym. 2012, 89, 906–913.
[CrossRef] [PubMed]

http://dx.doi.org/10.1155/2016/6280581
http://dx.doi.org/10.1016/j.foodhyd.2016.12.034
http://dx.doi.org/10.1016/j.fertnstert.2013.10.051
http://www.ncbi.nlm.nih.gov/pubmed/24331833
http://dx.doi.org/10.1080/00914037.2011.557807
http://dx.doi.org/10.1007/s10965-014-0355-1
http://dx.doi.org/10.1016/j.ceramint.2018.06.142
http://dx.doi.org/10.1016/j.chemosphere.2018.05.167
http://www.ncbi.nlm.nih.gov/pubmed/29870909
http://dx.doi.org/10.1016/j.carbpol.2010.05.034
http://dx.doi.org/10.1002/app.26979
http://dx.doi.org/10.1016/j.burns.2007.08.020
http://www.ncbi.nlm.nih.gov/pubmed/18226459
http://dx.doi.org/10.1016/j.jphotobiol.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30103077
http://dx.doi.org/10.1007/s10856-015-5510-7
http://www.ncbi.nlm.nih.gov/pubmed/25893388
http://dx.doi.org/10.1002/1097-4636(20001215)52:4&lt;662::AID-JBM10&gt;3.0.CO;2-3
http://dx.doi.org/10.1016/j.scitotenv.2012.05.022
http://www.ncbi.nlm.nih.gov/pubmed/22664534
http://dx.doi.org/10.1021/acsami.5b11160
http://www.ncbi.nlm.nih.gov/pubmed/26800283
http://dx.doi.org/10.1007/s10499-015-9906-7
http://dx.doi.org/10.1016/j.ijbiomac.2009.12.014
http://www.ncbi.nlm.nih.gov/pubmed/20060413
http://dx.doi.org/10.1016/j.carbpol.2008.08.009
http://dx.doi.org/10.1016/j.carbpol.2012.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24750879


Molecules 2018, 23, 2483 14 of 15

36. Paclawski, K.; Streszewski, B.; Jaworski, W.; Luty-Blocho, M.; Fitzner, K. Gold nanoparticles formation via
gold(iii) chloride complex ions reduction with glucose in the batch and in the flow microreactor systems.
Colloids Surf. A 2012, 413, 208–215. [CrossRef]

37. Wang, Z.H.; Chen, X.Y.; Liu, J.W.; Zhang, M.; Qian, Y.T. Glucose reduction route synthesis of uniform silver
nanowires in large-scale. Chem. Lett. 2004, 33, 1160–1161. [CrossRef]

38. Feng, H.; Li, J.A.; Wang, L.J. Preparation of biodegradable flax shive cellulose-based superabsorbent polymer
under microwave irradiation. Bioresources 2010, 5, 1484–1495.

39. Hebeish, A.A.; El-Rafie, M.H.; Abdel-Mohdy, F.A.; Abdel-Halim, E.S.; Emam, H.E. Carboxymethyl cellulose
for green synthesis and stabilization of silver nanoparticles. Carbohydr. Polym. 2010, 82, 933–941. [CrossRef]

40. Yadollahi, M.; Gholamali, I.; Namazi, H.; Aghazadeh, M. Synthesis and characterization of antibacterial
carboxymethyl cellulose/ZnO nanocomposite hydrogels. Int. J. Biol. Macromol. 2015, 74, 136–141. [CrossRef]
[PubMed]

41. Bao, Y.; Ma, J.Z.; Li, N. Synthesis and swelling behaviors of sodium carboxymethyl
cellulose-g-poly(AA-co-AM-co-AMPS)/MMT superabsorbent hydrogel. Carbohydr. Polym. 2011,
84, 76–82. [CrossRef]

42. Dong, H.; Snyder, J.F.; Tran, D.T.; Leadore, J.L. Hydrogel, aerogel and film of cellulose nanofibrils
functionalized with silver nanoparticles. Carbohydr. Polym. 2013, 95, 760–767. [CrossRef] [PubMed]

43. Wei, Y.S.; Chen, K.S.; Wu, L.T. In situ synthesis of high swell ratio polyacrylic acid/silver nanocomposite
hydrogels and their antimicrobial properties. J. Inorg. Biochem. 2016, 164, 17–25. [CrossRef] [PubMed]

44. Chen, Y.; Liu, Y.F.; Tan, H.M.; Jiang, J.X. Synthesis and characterization of a novel superabsorbent polymer of
N,O-carboxymethyl chitosan graft copolymerized with vinyl monomers. Carbohydr. Polym. 2009, 75, 287–292.
[CrossRef]

45. Xiao, X.M.; Yu, L.; Xie, F.W.; Bao, X.Y.; Liu, H.S.; Ji, Z.L.; Chen, L. One-step method to prepare starch-based
superabsorbent polymer for slow release of fertilizer. Chem. Eng. J. 2017, 309, 607–616. [CrossRef]

46. Yuen, S.N.; Choi, S.M.; Phillips, D.L.; Ma, C.Y. Raman and FTIR spectroscopic study of carboxymethylated
non-starch polysaccharides. Food Chem. 2009, 114, 1091–1098. [CrossRef]

47. Sajomsang, W.; Gonil, P.; Tantayanon, S. Antibacterial activity of quaternary ammonium chitosan containing
mono or disaccharide moieties: Preparation and characterization. Int. J. Biol. Macromol. 2009, 44, 419–427.
[CrossRef] [PubMed]

48. Hebeish, A.; Hashem, M.; El-Hady, M.M.; Sharaf, S. Development of CMC hydrogels loaded with silver
nano-particles for medical applications. Carbohydr. Polym. 2013, 92, 407–413. [CrossRef] [PubMed]

49. Khoo, J.M.Y.; Chee, S.Y.; Lee, C.L.; Nagalingam, S. Superabsorbent polymer prepared using carboxymethyl
cellulose derived from Ceiba pentandra (L.) Gaertn. (kapok) cotton. J. Appl. Polym. Sci. 2014, 131. [CrossRef]

50. Biswal, D.R.; Singh, R.P. Characterisation of carboxymethyl cellulose and polyacrylamide graft copolymer.
Carbohydr. Polym. 2004, 57, 379–387. [CrossRef]

51. Wen, J.; Li, J.; Liu, S.J.; Chen, Q.Y. Preparation of copper nanoparticles in a water/oleic acid mixed solvent
via two-step reduction method. Colloids Surf. A 2011, 373, 29–35. [CrossRef]

52. Akhavan, O.; Abdolahad, M.; Asadi, R. Storage of Ag nanoparticles in pore-arrays of SU-8 matrix for
antibacterial applications. J. Phys. D Appl. Phys. 2009, 42. [CrossRef]

53. Han, S.W.; Kim, Y.; Kim, K. Dodecanethiol-derivatized Au/Ag Bimetallic Nanoparticles: TEM, UV/VIS,
XPS, and FTIR Analysis. J. Colloid Interface Sci. 1998, 208, 272–278. [CrossRef] [PubMed]

54. Dong, C.F.; Zhang, X.L.; Cai, H.; Cao, C.L. Sodium Alginate Mediated Route for the Synthesis of
Monodisperse Silver Nanoparticles Using Glucose as Reducing Agents. Rare Met. Mater. Eng. 2016,
45, 261–266. [CrossRef]

55. Yu, H.J.; Xu, X.Y.; Chen, X.S.; Lu, T.C.; Zhang, P.B.; Jing, X.B. Preparation and antibacterial effects of PVA-PVP
hydrogels containing silver nanoparticles. J. Appl. Polym. Sci. 2007, 103, 125–133. [CrossRef]

56. Pourjavadi, A.; Amini-Fazl, M.S.; Ayyari, M. Optimization of synthetic conditions CMC-g-poly (acrylic
acid)/Celite composite superabsorbent by Taguchi method and determination of its absorbency under load.
Express Polym. Lett. 2007, 1, 488–494. [CrossRef]

http://dx.doi.org/10.1016/j.colsurfa.2012.02.050
http://dx.doi.org/10.1246/cl.2004.1160
http://dx.doi.org/10.1016/j.carbpol.2010.06.020
http://dx.doi.org/10.1016/j.ijbiomac.2014.11.032
http://www.ncbi.nlm.nih.gov/pubmed/25524743
http://dx.doi.org/10.1016/j.carbpol.2010.10.061
http://dx.doi.org/10.1016/j.carbpol.2013.03.041
http://www.ncbi.nlm.nih.gov/pubmed/23648039
http://dx.doi.org/10.1016/j.jinorgbio.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27968959
http://dx.doi.org/10.1016/j.carbpol.2008.07.022
http://dx.doi.org/10.1016/j.cej.2016.10.101
http://dx.doi.org/10.1016/j.foodchem.2008.10.053
http://dx.doi.org/10.1016/j.ijbiomac.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19428476
http://dx.doi.org/10.1016/j.carbpol.2012.08.094
http://www.ncbi.nlm.nih.gov/pubmed/23218313
http://dx.doi.org/10.1002/app.40808
http://dx.doi.org/10.1016/j.carbpol.2004.04.020
http://dx.doi.org/10.1016/j.colsurfa.2010.10.009
http://dx.doi.org/10.1088/0022-3727/42/13/135416
http://dx.doi.org/10.1006/jcis.1998.5812
http://www.ncbi.nlm.nih.gov/pubmed/9820774
http://dx.doi.org/10.1016/S1875-5372(16)30051-0
http://dx.doi.org/10.1002/app.24835
http://dx.doi.org/10.3144/expresspolymlett.2007.69


Molecules 2018, 23, 2483 15 of 15

57. Shankar, S.; Rhim, J.W. Preparation and characterization of agar/lignin/silver nanoparticles composite films
with ultraviolet light barrier and antibacterial properties. Food Hydrocoll. 2017, 71, 76–84. [CrossRef]

58. Sarkar, A.K.; Saha, A.; Midya, L.; Banerjee, C.; Mandre, N.; Panda, A.B.; Pal, S. Cross-linked biopolymer
stabilized exfoliated titanate nanosheet-supported agnps: A green sustainable ternary nanocomposite
hydrogel for catalytic and antimicrobial activity. ACS Sustain. Chem. Eng. 2017, 5, 1881–1891. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodhyd.2017.05.002
http://dx.doi.org/10.1021/acssuschemeng.6b02594
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of CMC-g-PAA Superabsorbent Hydrogel Loaded with Silver Particles 
	Characterization 
	Swelling Behavior 
	FTIR Spectroscopy 
	X-ray Diffraction (XRD) 
	X-ray Photoelectron Spectroscopy (XPS) 
	UV-Vis Spectrophotometer 
	Scanning Electronic Microscopy (SEM) 
	Energy Dispersive Spectrometer (EDS) 
	Transmission Electron Microscopy (TEM) 
	Thermogravimetric Analysis (TGA) 
	Antibacterial Activity 


	Results and Discussion 
	Reaction Mechanism for Formation of the SAP Loaded with Silver Particles 
	Swelling Behavior 
	FTIR Analysis 
	XRD Analysis 
	XPS Analysis 
	UV-Vis Spectrophotometer 
	Morphologies of the Superabsorbent Polymers 
	Transmission Electron Microscopy (TEM) 
	Thermal Stability 
	Antibacterial Activity 

	Conclusions 
	References

