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ABSTRACT:  The colloidal silver nanoparticles (AgNPs) solution with the AgNPs diameter of 10-15 nm was 

synthesized by gamma irradiation method using polyvinylpyrrolidone as stabilizer. Porous ceramic samples were 

functionalized by treatment with an aminosilan (AS) agent (3-aminopropyltriethoxysilane) and then impregnated 

in colloidal silver nanoparticles solution for fixing through coordination bonds between –NH2 groups of the 

aminosilan and the silver atoms. The AgNPs content attached in porous ceramic (AgNPs/PC) was of about 200-

250 mg/kg. The contents of silver release from AgNPs/PC into filtrated water by flowing test with the rate of 

about 5 litters/h were less than 10 g/L analyzed by neutron activation analysis method, it is satisfactory to the 

WHO guideline of 100 g/L for drinking water. The antimicrobial effect of AgNPs/PC for E. coli was carried 

out by flowing test with an inoculated initial contamination of E. coli in water of about 10
6
 CFU/100ml. Results 

showed that the contamination of E. coli in filtrated water through AgNPs/PC (up to 500 litters) was less than 1 

CFU/100ml compared to 2.510
4
 CFU/100ml for bare porous ceramic (only up to 60 litters). The antimicrobial 

effect of AgNPs/PC is in accordance with the TCVN 6096-2004 for bottled drinking water. Thus, AgNPs/PC 

with the silver content of 200-250 mg/kg and the specific surface area of 1.51 m
2
/g, average pore size of 48.2 Ǻ 

and pore volume of 1.8×10
-3

 cm
3
/g has highly antimicrobial effect that can be applied for point-of-use drinking 

water treatment. 

1. INTRODUCTION 

The presence of toxic metals and pathogenetic microbes in drinking water is a potential health 

risk. According to WHO, at least one billion people in the worldwide do not have access to clean, 

potable water sources [1]. Therefore, the development of innovative drinking water quality control 

strategies is of the utmost importance. Recently, considerable interest has arisen in the use of silver 

nanoparticles (AgNPs) based on gigantic high antimicrobial and biofouling improvement for water 

disinfection [2]. In particular, the formation of by-products into water by conventional treatment 

techniques and the increasing of resistance of some pathogens to conventional disinfectants have 

encouraged researchers to explore the antimicrobial activity of AgNPs [3]. The reliability and ease 

of operation of membrane-based water filtration systems such as polyurethane foam [4], 

polysulfone [5], paper [1], porous ceramic [6] have led to enlarging utilization for water treatment. 

Numerous investigations have been carried out on loading AgNPs with the functionalized polymer 

membrane as an effectively antimicrobial agent for water treatment [4]. Unfortunately, the AgNPs 

were commonly inert with polymer surfaces [7], so that silver releases into water filtrate with 

overdoses compared to permitted limit of standard at maximum of 0.1 mg/L, according to the EPA 

and WHO [8]. Several approaches were studied to improve on loading and holding abilities of 
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AgNPs onto polymer filters, mainly by using a binder, coupler and/or surface modification by 

appropriate agents containing functional groups which have affinity with AgNPs [6, 7]. In this 

study, the domestic commercialized porous ceramic product was used for fixing with AgNPs 

through coordination bonds between –NH2 groups and silver atoms by using an aminosilan as 

coupling agent. The silver content released from AgNPs/porous ceramic (AgNPs/PC) into filtrated 

water and the antimicrobial effect of AgNPs/PC were also investigated by flowing test. Owing to 

highly antimicrobial effect and acceptable level of silver content released in water, AgNPs/PC can 

be potentially further developed for point-of-use drinking water treatment. 

2. EPERIMENTAL 

2.1. Materials and chemicals. Silver nitrate (AgNO3) is pure grade product from China. 

Polyvinylpyrrolidone (PVP) K90 is a pharmaceutical grade product from BASF, Germany. 

Absolute ethanol (C2H5OH) is a product of Truong Thinh Company, Vietnam. Aminosilan namely 

3-aminopropyltriethoxysilane, NH2-C3H6-Si(OC2H5)3 is a product of Merck, Germany. Distilled 

water was used in all experiments. Porous ceramic with the specific surface area of 1.83 m
2
/g, the 

average pore size of 61.9 Ǻ and pore volume of 2.810
-3

 cm
3
/g supplied by a Ceramic Company, 

Hai Duong, Vietnam. The Luria-Bertani medium for bacteria incubation were purchased from 

Himedia, India. The Escherichia coli ATCC 6538 was provided by University of Medicine-

Pharmacy, Ho Chi Minh City. 

2.2. Methods 

2.2.1. Synthesis of colloidal silver nanoparticles (AgNPs) solution. PVP and ethanol (EtOH) 

were dissolved in distilled water to prepare solution with the concentration of 1% (w/v) for PVP and 

5% (v/v) for EtOH. Silver nitrate was then dissolved in the above prepared solution to obtain final 

formulation: 5 mM Ag
+
/1% PVP/5% EtOH/water to 100 ml. The gamma irradiation of Ag

+
 solution 

for the synthesis of AgNPs was carried out on a Co-60 irradiator with dose rate of about 1.2 kGy/h 

measured by the ethanol-chlorobenzene dosimetry system [9] at VINAGAMMA Center, Ho Chi 

Minh City. Absorption spectra of irradiated AgNPs solution were taken on an UV-Vis 

spectrophotometer model Jasco V-630, Japan. The size of the AgNPs was measured using a 

transmission electron microscope (TEM) model JEM 1010, JEOL, Japan.  

2.2.2. Treatment of porous ceramic with aminosilan. Porous ceramic samples of 

approximately 3.02.50.8 cm were treated in 10% sulfuric acid  at 60
o
C for 1 h, washed with 

water and dried at 110
o
C. Then the porous ceramic samples were impregnated in aminosilane (AS) 

of 2% (v/v) in EtOH solution with different time duration. The porous ceramic samples 

impregnated with AS were dried at room temperature and then heated at 110
o
C in an oven 

(Memmert, Germany) 2 h for silanol bonding functionalization between porous ceramic and AS. 

2.2.3. Impregnation of AS functionalized porous ceramic in AgNPs solution. The AS 

functionalized porous ceramic samples were further impregnated in AgNPs solution for 24 h, 

washed in ultrasonic bath for 15 min. and then by water for several times. Drying AgNPs/porous 

ceramic samples (AgNPs/PC) was performed in a forced air oven (DNF 410, Yamato, Japan) at 

80
o
C till to dry. The obtained porous ceramic samples were specified as antimicrobial AgNPs/PC. 

The content of AgNPs in porous ceramic was determined by atomic absortion spectroscopy (AAS) 

at the Center of Analytical Services and Expermentation Ho Chi Minh City. 

2.2.4. Determination of silver release from AgNPs/PC. The AgNPs/PC candles were 

connected to tap water with the flowing rate of ~5 litters/h up to 500 litters. The filterated water 

samples were collected for determination of the silver content by neutron activation analysis at the 

Nuclear Research Institute, Dalat. 
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2.2.5. Antimicrobial effect 

2.2.5.1. In vitro test. To examine the antimicrobial effect of  AgNPs/PC, 1 ml (~10
7
 CFU) of  

E. coli suspension was separately added to 99 ml LB medium in 3 conical flasks (250 ml). The 

cultures were shaken at 150 rpm for 20 min. at room temperature. Then 5 g of AgNPs/PC powder 

was introduced into one of the 3 tested flasks with the silver content of about 10 mg/L. The same 

weight of bare porous ceramic powder was added to the second flask, and the third flask was used 

as the blank control. All flasks were shaken at 150 rpm for 30 min., and then diluted tenfold in 

distilled water to 1×10
-5

 of initial concentration. 0.1 ml of each diluted solution was spread on LB 

agar plates, and incubated at 37
0
C for overnight (~16 h). The counts of bacterial colonies were the 

surviving numbers of E. coli [10]. 

2.2.5.2. Flowing test. The inlet water was inoculated with E. coli of about 10
6
 CFU/100ml. 

The antimicrobial effect of AgNPs/PC was investigated with the flowing rate of ~5 L/h. The output 

water samples passed through AgNPs/PC candles were collected up to 500 L for assessment of the 

E. coli contamination (CFU/100ml) at the Quality Assurance & Testing Center 3, Bien Hoa, Dong 

Nai based on TCVN-6187-1:2009. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of colloidal AgNPs solution 

Many methods for the synthesis of AgNPs with different stabilizers have been developed 

[11]. The method using ionizing radiation (gamma ray and electron beam) provides several 

advantages compared to other methods, such as: (1) the process is carried out at room temperature; 

(2) reducing agents occur fairly uniformly in the solution; (3) the reaction rate can be controlled by 

varying absorbed dose (irradiation time); (4) pure AgNPs can be produced without contamination of 

excessive reductant and Ag
+
 residue; (5) The particle size can be controlled by selection of initial 

Ag
+
 concentration; and (6) large scale production can be carried out at a comparatively reasonable 

cost [11]. The mechanism of the gamma Co-60 irradiation method was described by Belloni et al. 

[12]. Briefly, Ag
+
 ions were reduced by hydrated electron (e

-
aq) and hydrogen atom (H) which were 

generated by -radiolysis of aqueous solution as presented in Equation (1). 

H2O   ^^^ e
-
aq

, 
H, OH, H2O2, H2, H3O

+
   (1) 

The reduction reaction process can be written as follows: 

Ag
+
 + e

-
aq  Ag

0
      (2) 

Ag
+
 + H  Ag

0
 + H

+
    (3) 

Ag
0
 + Ag

+
  Ag

+
2      (4) 

Ag
+

2 + e
-
aq (H

)     Ag
0

2   Ag
+

n  Ag
0

n                        (5) 

The hydroxyl radical (OH) reacts with alcohol (e.g. methanol, ethanol, isopropanol...) 

yielding hydroxyalkyl radical which is able to reduce Ag
+
 ions absorbed on clusters to Ag

0
 [11,13]. 

Fig. 1 showed the effect of dose on optical density (OD) and the maximum wavelength (max) 

at saturated conversion dose. It’s can be observed from Fig. 1 that the conversion dose (Ag
+
  Ag

0
) 

is of 15 - 20 kGy and max ~ 400 nm. 
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Figure 1:  The values of OD with doses and spectrum of AgNPs. 

TEM image and particles size distribution AgNPs typically for the silver concentration of 5 

mM stabilized with 1% PVP K90 were presented in Fig. 2. The average AgNPs size was of 9.5  

0.8 nm. According to results reported by Phu et al. (2010) the AgNPs size ~10 nm exhibited highly 

antimicrobial activity with the efficiency of 99.99% at 5 ppm of AgNPs content [14]. 

 
Figure 2:  TEM image and AgNPs size distribution. 

The pilot test production of AgNPs by -irradiation method has been developed for 100 

L/batch using plastic container (can) of 25 L for irradiation. The obtained results were presented in 

Table 1. 

Table 1: Characteristics of AgNPs of pilot production                                                                                                 

(25 L/can, 5mM Ag
+
/1% PVP/5% EtOH). 

No. Dose, kGy max, nm OD d, nm 

Can 1 16.5 397.5 0.98  0.20 13.7  0.7 

Can 2 18.1 399.2 1.02  0.20 14.6  0.6 

Can 3 20.3 401.0 1.06  0.19 12.9  0.7 

The prepared AgNPs with diameter of 10-15nm and the silver concentration of 500 mg/L of 

pilot scale production will be used for fixing experiments in porous ceramic. 

3.2. Optimization of treatment time of porous ceramic with AS 

Table 2: Effect of AS treatment time on silver content                                                                                                   

in AgNPs/PC samples (3.0×2.5×0.8 cm). 

AS treatment time, min. 30 60 90 120 150 180 

Ag content in PC, mg/kg 200 205 228 226 222 231 
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Results in Table 2 indicated that the optimal treatment time of porous ceramic with AS was of 

90 - 120 min. and AgNPs content fixing in PC was of 226-228 mg/kg. Table 3 showed the AgNPs 

content, particularly of 227.3  15.2 mg/kg fixed in PC candle product. 

Table 3: The AgNPs content in PC product                                                                                                                  

(L: 20 cm, D: 4 cm and thickness: 0.8 cm) 

AS treatment time, min. 120 120 120 

Ag content in PC, mg/kg 226 234 222 

 

Thus, AgNPs fixed in PC candle (AgNPs/PC candle) through coordination bonds between –

NH2 groups of the aminosilan and the silver atoms have been prepared for further investigation of 

silver release and antimicrobial effect by flowing test. Lv et al. [6] also studied to fix AgNPs in PC 

for water treatment, but they only prepared samples of 1×1×0.5 cm. They did not used commercial 

PC products so that to restrict the development for the practical application purpose. 

3.3. Content of silver release from AgNPs/PC candles into filtrated water 

Table 4: Result of silver content in the filtrated water released from AgNPs/PC candle. 

Volume of filtrated water, L 20 40 80 100 200 300 400 500 

Ag content, g/L  9.04 7.49 4.12 2.66 0.64 0.66 0.34 0.92 

Results in Table 4 proved that the contents of the silver releasing from AgNPs/PC candle in 

the filtrated water by flowing test with the rate of ~5 L/h was less than 10 g/L determined by 

neutron activation analysis method at Dalat nuclear reactor. The contents are far below the WHO 

guideline of 100 g/L silver in drinking water [8,15]. Oyanedel-Craver et al. (2008) [16] and Van 

Halem et al. (2009) [15] also studied of silver-impregnated porous ceramic pot filter for low-cost 

household drinking water treatment. However they did not used coupling agent like aminosilane to 

fix AgNPs to the ceramic wall, therefore silver was easily leaching from the pot and the 

antimicrobial effect should be decreased with the filtration time. Thus, it was recommended that the 

life time of the silver-impregnated porous ceramic pot filter without coupling agent was of 1-2 years 

[15], but the risk of over dose of silver release into water had not been reported. 

3.4. Antimicrobial effect 

3.4.1. In vitro test 

 

Figure 3: E. coli colonies forming on LB agar from 0.1 ml (1 × 10
-3

 diluted solutions):                                                                                                    

(A) control sample, (B) blank PC, and (C) AgNPs/PC. 

The surviving number of E. coli in the tested medium was of 3.3510
6
; 3.3310

6
 and 

2.7510
5
 CFU/ml for control, blank PC and AgNPs/PC samples, respectively as shown in Fig. 3. 
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The in vitro test results indicated that AgNPs/PC has antimicrobial effect against E. coli as reported 

by Lv et al. [6]. 

3.4.2. Flowing test 

Table 5: The counts of E. coli in filtrated water by flowing test though AgNPs/PC candle. 

Volume of filtrated water, L 10 20 40 160 260 300 400 500 

E. coli, CFU/100ml  < 1 <1 <1 <1 <1 <1 <1 <1 

Result in Table 5 indicated that the water filtrated though AgNPs/PC candle up to 500 L did 

not contaminated of E. coli (< 1 CFU/100 ml) that is acceptable in accordance to TCVN 6096- 2004 

for bottled drinking water [17], in comparison to 2.510
4
 CFU/100 ml (only up to 60 L) for blank 

PC.  

 
Figure 4:  The outside appearance of blank and AgNPs/PC                                                                       

candle after using in water flowing test. 

Figure. 4 showed that the outside of the AgNPs/PC candle had almost no growth of 

microorganisms compared to the blank (bare) one. This observation confirmed again the highly 

antimicrobial property of the AgNPs/PC candle. 

Among the water treatment materials, ceramic filters (disk, candle and pot) proved to be one 

of the best treatment options for reducing bacteria by more than 99% [18]. And according to Sui 

and Huang (2003) the porous ceramic candle filter can be used to filtrate more than 50 M
3
 of 

drinking water [19]. Therefore, the AgNPs/PC candle prepared in this study using AS as coupling 

agent to fix AgNPs to the wall of ceramic with highly antimicrobial effect is promising to apply for 

point-of-use drinking water treatment. 

4. CONCLUSIONS 

The colloidal AgNPs solution with the particles size of 10 - 15 nm and the AgNPs 

concentration of 500 mg/L was synthesized by - irradiation method. Pilot scale production of 100 

L/batch (4 plastic can of 25 L) was also developed. AgNPs fixing in porous ceramic through 

coordination bonds between –NH2 groups of aminosilane and silver atoms was performed. Results 

of flowing test with the rate of ~5 L/h on silver release and antimicrobial effect for E. coli indicated 

that the silver content in filtrated water was less than 10 g/L, and it is far below the WHO 

guideline of 100 g/L and the contamination of E. coli was in good accordance to TCVN 6069-

2004 (<1 CFU/100ml) in drinking water. The AgNPs/PC candle with the silver content of 200 - 250 

mg/kg and the specific surface area of 1.51 m
2
/g, the average pore size of 48.2 Ǻ and the pore 

volume of 1.8×10
-3

 cm
3
/g has highly antimicrobial effect that can be applied for point-of-use 

drinking water treatment. 
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