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Abstract 21 

Silver nanoparticles are widely used as antibacterial agents in consumer products. There have 22 

been concerns about the environmental exposure and their toxic effect to organisms such as fish. 23 

Studies have quantified the release of silver from various products including textiles and plastics 24 

that use silver as an antibacterial agent, yet there is no unified standard for the measurement of 25 

silver release. Additionally, there is limited information about the release of silver from glass 26 

surfaces coated with silver nanoparticles. While immobilizing silver to substrates will ultimately 27 

reduce environmental exposure, deliberately controlling silver release will also reduce the 28 

amount of silver released into the environment. In this study, silver nanoparticles were 29 

synthesized and deposited onto glass using an aerosol pyrolysis process, i.e. the Liquid Flame 30 

Spray. The deposited silver nanoparticles were further coated with a thin layer of aluminum oxide 31 

that was fabricated by Atomic Layer Deposition. The leaching of silver from the coated glass was 32 

measured in water over a period of six days. The results show that a 15 nm thin layer of 33 

aluminum oxide is able to inhibit the release of silver up to 48 hours, thereby providing a way to 34 

control the release of silver in time.  35 

 36 

 37 

Keywords: Silver nanoparticles, Liquid flame spray, controlled time release, silver leaching, 38 

aluminum oxide, atomic layer deposition. 39 

 40 

 41 
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1.1 Introduction 42 

Nanomaterials are used in various applications to create functional properties, an example being 43 

antimicrobial properties from incorporation of silver nanoparticles (AgNPs) into consumer 44 

products. This has currently reinforced the role of nanotechnology in the modern society [1]. 45 

Consequently, the production techniques of nanoparticles have evolved over the years. Several 46 

techniques that include laser ablation and sol-gel process have been used to synthesize silver 47 

nanoparticles [2,3]. Chemical reduction of precursor however continues to be the predominant 48 

route for producing AgNPs [4,5].  Due to environmental concerns, there has recently been an 49 

increase in the production of AgNPs using environmentally friendly techniques [6-8]. Recently, 50 

an aerosol pyrolysis technique called the Liquid Flame Spray (LFS) process has been developed. 51 

The technique has the capability to synthesize and deposit a variety of nanoparticles onto surfaces 52 

in a roll-to-roll process flow at high speeds exceeding 300 m/min without producing effluents 53 

[9]. Although AgNP synthesis using LFS has several advantages compared to other production 54 

techniques, nanoparticle adhesion to surface needs to be improved depending on the substrate 55 

[10]. 56 

Global production of silver has declined over the years, but there has been an increase in the 57 

number of patents that utilize nanosilver in different products [11-13]. The antimicrobial activity 58 

of silver nanoparticles has been extensively investigated, while other studies have also reported 59 

antifungal and antiviral properties. Furthermore, AgNPs have demonstrated efficient 60 

antimicrobial properties against drug-resistant bacteria strains [14]. As a result, AgNPs have been 61 

incorporated into several consumer products such as textiles, medical supplies, and water filters 62 

to control bacterial growth [15-17]. The antibacterial effect is largely attributed to the release of 63 
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silver ions in aqueous environments, which disrupt DNA replication or break down the cell wall 64 

preventing bacterial replication [18]. 65 

Several studies have confirmed the release of silver during the life cycles of consumer products 66 

that are functionalized with silver as an antimicrobial agent [19-21]. At the same time, it has been 67 

shown in literature that exposure to large doses of nanosilver could cause undesirable health 68 

effects for humans while also being toxic to other organisms such as fish [22,23]. Since 69 

nanosilver acts as a broad-spectrum antibacterial agent, it may also inhibit useful bacterial 70 

activity when exposed to the environment, which has raised health and environmental concerns 71 

[24]. Nonetheless, the use of AgNPs to control bacteria and other microbes cannot be 72 

downplayed especially due to the increasing prevalence of antibiotic-resistant bacteria [25]. 73 

Monitoring the release of nanoparticles into the environment is an important step that needs to be 74 

considered while harnessing their useful properties. There have been attempts to estimate the 75 

amount of silver released from various products, and remedies such as using bacteria to reduce 76 

the presence of silver in effluent water has been proposed [26]. Alternatively, the environmental 77 

exposure of silver can be regulated with emphasis on product design, such that, products that are 78 

incorporated with AgNPs will have controlled time release while maintaining the required 79 

functionality. Therefore, immobilizing silver nanoparticles to the surface or within materials 80 

would subsequently reduce the environmental exposure [27]. Techniques such as reducing silver 81 

salts in the presence of polymer have been reported to curb the release of silver from different 82 

materials [28-30]. Other techniques such as reducing silver in the presence of an adhesive have 83 

also been used to improve the adherence of silver to mesoporous membranes resulting in slow 84 

release of silver [31,32]. Encapsulation of AgNPs in silica glass microspheres and embedding of 85 

AgNPs within the core of carbon nanotubes have also been used to provide a slow time release of 86 
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silver [33,34]. While these approaches utilize sol-gel synthesis, this study will use LFS technique 87 

since it allows roll-to-roll production of AgNPs onto different substrates.  88 

An advisory limit of 0.1 mg/L (100 ppb) silver amount is permissible in drinking water, but this 89 

limit differs by country [35]. However, there still exist challenges in quantifying the release of 90 

silver into the environment [36]. There is no specific standard method for measuring silver 91 

leaching from consumer products. Currently, silver released from consumer products is typically 92 

quantified by analyzing effluents from different products [37]. The measurement procedure can 93 

also be governed by the intended application, or the end use of the product. For example, a few 94 

studies have quantified the silver amount released from antibacterial fabrics into aqueous media 95 

simulating artificial sweat [38,39], while other studies have also shown that the pH of the 96 

environment affects the amount of silver released up to ten times [40]. There is an urgent need 97 

for a standardized procedure of measuring silver release into the environment, and this should 98 

account for the effect of pH variation based on the measurement environment. Additionally, the 99 

standard should be substrate specific since materials such as plastic and glass are likely to release 100 

silver only from the surface exposed to the leaching solution as compared to other substrates from 101 

which silver could leach from the whole matrix, such as porous structures. Legislation that 102 

governs how silver products are disposed of or recycled would subsequently be required.  103 

Atomic layer deposition (ALD) is a thin film deposition technique based on the sequential use of 104 

self-terminating reactions that result in uniform and conformal coatings on a variety of substrates 105 

[41]. Furthermore, aluminum oxide (Al2O3) coatings produced using ALD have been used as 106 

impermeable barrier layers against water vapor [42]. Currently, there is limited information 107 

available about leaching of silver from AgNPs decorated glass substrates [43]. An alternative 108 

approach that provides controlled time release of AgNPs using a thin ALD layer is presented in 109 
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this study. Silver nanoparticles were synthesized and deposited onto glass surface using LFS 110 

process. To improve adhesion and promote controlled time release of silver, a thin layer of Al2O3 111 

was deposited using ALD to immobilize the AgNPs. Leaching of silver was measured both from 112 

glass that only had the AgNPs coating, and from glass that had AgNPs coating with an Al2O3 113 

immobilizing layer. The measurements were carried out for six days in an aqueous neutral pH 114 

environment. Particle and surface morphology was characterized using scanning electron 115 

microscopy (SEM) while silver leaching was measured using inductively coupled plasma mass 116 

spectrometry (ICP-MS). X-ray photoelectron spectroscopy (XPS) was used to analyze silver 117 

amount on the glass surface before and after leaching of silver. 118 

 119 

2.1 Materials and methods 120 

2.1.1 Synthesis of silver nanoparticles 121 

A technique called Liquid Flame Spray (LFS) was used to produce silver nanoparticles on the 5 122 

mm thick borosilicate glass surface. The used liquid precursor was composed of silver nitrate 123 

(AgNO3, 99.9+%, Alfa Aesar) dissolved in deionized water to a concentration of 250 mg/mL. 124 

The precursor was atomized and injected into a flame through a nozzle. Decomposition and 125 

nucleation within the flame result in the formation of solid silver nanoparticles. Hydrogen, 126 

oxygen, and nitrogen gases were used as combustion gases. Gas flow rates (H2/O2/N2) and 127 

precursor feed rate through the nozzle were 20/10/5 lines/min and 2 ml/min, respectively. 128 

Detailed description of the LFS process can be found in literature [44-46]. Two deposition 129 

methods, direct and indirect flame deposition, were used for silver nanoparticle deposition onto 130 

the glass substrate. The glass substrate rotates along a carousel and passes through the flame 131 
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resulting in nanoparticles being directly deposited onto the glass surface. The nozzle was placed 132 

20 cm away from the glass surface. Alternatively, the flame was pointed towards a custom-made 133 

tube, and AgNPs were deposited onto glass surface via the other end of the tube through indirect 134 

deposition. The glass slide was placed under the tube for 60 seconds. All silver nanoparticle 135 

coatings were produced using indirect LFS, except ALD0_D with D indicating a direct 136 

deposition without any Al2O3 layer.  137 

2.1.2 ALD coatings on AgNPs  138 

After AgNPs deposition on glass, the samples were further coated with two different thicknesses 139 

of Al2O3 (2 nm and 15 nm) layers using ALD (Beneq TFS 200-150). The precursors used for the 140 

deposition of Al2O3 thin layers were trimethylaluminum (TMA) and water (H2O). For each 141 

deposition process, the ALD chamber and reactor were maintained at pressures of ≥ 500 Pa and ≥ 142 

200 Pa, respectively. N2 gas flow rates in the ALD chamber and reactor were set to 200 and 600 143 

sccm (standard cubic centimeters per minute), respectively. During the deposition process, the 144 

TMA precursor was pulsed for 150 ms followed by N2 purging for 750 ms,  while H2O was 145 

pulsed for 150 ms and N2 purging for 1 s. All Al2O3 thin layers were deposited at 120 °C 146 

temperature with an Al2O3 growth rate of 0.12 nm/cycle. Dektak 150 Stylus Surface Profilometer 147 

(Veeco Instruments Inc.) was used to measure the thickness of Al2O3 thin layers [41]. The sample 148 

labels are listed in table 1. 149 

Table 1: Sample labeling. 150 

Sample label AgNPs 

coating 

Al2O3 

thickness (nm) Before leaching After leaching 

Ref L_Ref - - 
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ALD_0 L_ALD_0 Indirect -  

ALD_2 L_ALD_2 Indirect 2 

ALD_15 L_ALD_15 Indirect 15 

ALD0_D L_ALD0_D Direct - 

 151 

2.1.3 Measurement of silver leaching 152 

Leaching of silver from the glass substrate into water was measured using Inductively Coupled 153 

Plasma Mass Spectrometry (ICP-MS, PerkinElmer 6100 DRC Plus, Canada). Glass slides were 154 

suspended from a plastic holder in a glass beaker filled with 800 ml deionized water as shown in 155 

Figure 1. A 10 mL liquid sample was drawn at regular time intervals during the six-day 156 

experiment. The liquid was constantly stirred with a magnetic stirrer at approximately 120 rpm, 157 

and the beaker was covered with a plastic film to minimize evaporation. For the silver 158 

concentration measurements with ICP-MS, each sample was dissolved into a mixture of suprapur 159 

acids, 5 mL HNO3 + 1mL H2O2 using a microwave sample preparation system (Multiwave 3000, 160 

Anton Paar). The total amount of silver present on the surface of glass prior to immersion in 161 

liquid was also measured using the same procedure.  162 

       163 

Covered 

beaker 

Immersion 

solution 

Plastic holder 

Silver nanoparticles 

coated glass 
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Figure 1: The experimental setup.  164 

2.1.4 X-ray photoelectron spectroscopy (XPS) 165 

X-ray photoelectron spectroscopy (XPS, PHI Quantum 2000 from Physical Electronics 166 

Instruments, USA) with a monochromatic AlKα source was used to identify the elemental 167 

composition of the samples using a survey scan, and to semi-quantitatively measure the amount 168 

of silver present on the glass surfaces before and after immersion in water. The sample surfaces 169 

were irradiated with a pass energy of 187.5 eV, and the measurements were obtained from three 170 

different points on the surface with at least two sweeps per data point. The used binding energy 171 

range for chemical identification was 0-1100 eV. Peak positions recorded in the Handbook of 172 

XPS were used as the reference standard for spectra identification and data interpretation [47]. 173 

XPS data is analyzed using multipack software.  174 

2.1.5 Surface imaging and microscopy 175 

The coated surface and morphology of the nanoparticles was imaged using a scanning electron 176 

microscope (SEM) Jeol JSM-6335F. The coated glass samples were sputtered with a thin layer of 177 

carbon before imaging for conductivity. An accelerating voltage of 5 kV and a working distance 178 

of about 9.8 mm were used. After SEM, energy dispersive spectroscopy (EDS) measurement was 179 

used to identify the elements on the surface of glass. The accelerating voltage for EDS 180 

measurement was 15 kV. The glass slides were also imaged using an optical microscope after the 181 

silver leaching experiment.  182 

3.1 Results and Discussion 183 

3.1.2 Deposition silver nanoparticles  184 
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Silver nanoparticles were deposited onto the glass substrate surface using the LFS method. Direct 185 

deposition of silver from the flame induced a dark color change on the surface of glass. The dark 186 

color indicates large number of AgNPs that are in galvanic contact with each other. Nanoparticles 187 

produced from the flame were sintered lightly onto the glass surface, since the dark color 188 

remained after exposure of six days to aqueous environment. For indirect flame deposition, the 189 

nanoparticles travel through a tube and settle onto the glass surface. No significant color change 190 

was observed due to the adequate spacing of AgNPs on the surface. Nanoparticle adhesion to 191 

glass surface can be expected to primarily result from weak van der Waals forces. Thus, a thin 192 

ALD coating of Al2O3 on top of AgNPs was used to improve nanoparticle adhesion by 193 

immobilizing silver to the glass surface.  The thicknesses of the ALD coatings were designed to 194 

be either 2 nm or 15 nm.    195 

 196 

Figure 2: SEM images showing the distribution of silver nanoparticles as bright spots on glass 197 

surface and EDS spectrum that confirms the presence of AgNPs on ALD_2. 198 

3.1.3 Distribution and morphology nanoparticles   199 
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Figure 2 shows SEM images of AgNPs onto the surface of glass slide. AgNPs are seen as bright 200 

spots on the surface of glass. For glass slides coated with indirect flame deposition, up to 10 % of 201 

the sample surface is covered with AgNPs whereas direct flame deposition results in about 30 % 202 

surface coverage of silver nanoparticles. SEM imaging shows that LFS produced a uniformly 203 

distributed monolayer of silver nanoparticles on glass. Particles can be observed as spherical with 204 

larger spacing for indirect LFS, compared to direct flame deposition (ALD0_D). Image analysis 205 

of SEM images shows that direct flame deposition onto glass resulted in about 3-4 times more 206 

nanoparticles on glass compared to indirect deposition. The particle size range measured with 207 

image analysis is between 10-60 nm with an average particle size of about 30 nm. The maximum 208 

size of AgNP measured is around 100 nm. EDS measurements confirmed the presence of silver, 209 

carbon, oxygen, and salts such as sodium. Silicon was observed and this is mainly from the glass 210 

substrate. The EDS spectrum for ALD_0 is shown in figure 2.  211 

Table 2: ICP-MS results showing the concentration (Conc.) of silver measured in immersion 212 

solution at different time points, and the corresponding standard deviation (SD).  213 

 

ALD_0 ALD_2 ALD_15 ALD0_D 

Time [h] 

Conc. 

[µg/L] 

SD 

[µg/L] 

Conc. 

[µg/L] 

SD 

[µg/L] 

Conc. 

[µg/L] 

SD 

[µg/L] 

Conc. 

[µg/L] 

SD 

[µg/L] 

0.5 0.53 0.01 0.24 0.01 0.17 0.00 1.32 0.03 

1 0.44 0.02 0.23 0.01 0.24 0.01 0.87 0.03 

2 0.07 0.01 0.22 0.01 0.05 0.00 1.59 0.03 

4 0.27 0.01 0.44 0.01 0.23 0.00 0.85 0.08 

8 0.35 0.01 0.67 0.01 0.32 0.01 1.15 0.04 



12 
 

12 0.25 0.01 0.57 0.03 0.37 0.01 1.73 0.06 

24 0.33 0.02 0.78 0.01 0.41 0.01 1.29 0.03 

48 0.53 0.02 0.99 0.02 1.37 0.03 1.68 0.06 

102 1.41 0.03 1.52 0.03 4.45 0.07 4.64 0.10 

122 1.19 0.02 1.47 0.04 4.32 0.08 4.90 0.19 

144 1.46 0.04 1.76 0.18 5.03 0.09 5.64 0.13 

 214 

3.1.4 Silver release from glass coated with AgNPs 215 

The amount of silver released from AgNPs coated glass was measured using ICP-MS after acid 216 

digestion. For the reference glass that was not coated with LFS, 0.006 µg/L silver was measured 217 

as total silver amount present on glass surface. Since glass is not expected to contain any traces of 218 

silver, this is considered to be contamination that was used as a baseline to establish whether 219 

silver had been released into the immersion solution.  For ALD_0 sample that was coated with 220 

indirect LFS, a total amount of 81.6 µg/L of silver was present while direct LFS coated sample 221 

showed 227.6 µg/L of silver. During the six-day immersion into water, liquid samples that were 222 

drawn from immersion solution at regular intervals were analyzed separately. The results 223 

obtained for silver that had been released into the solution at different time points for each sample 224 

is shown in Table 2. The results show that silver was released from all samples that were 225 

immersed into water. Samples that had no ALD layer coating initially released a higher amount 226 

of silver within the first hour. Table 2 shows that 2 nm and 15 nm Al2O3 layers on top of AgNPs-227 

coated glass did not eliminate the leaching of silver into the solution. However, the ALD coatings 228 

appeared to reduce the initial leaching since the measured release of silver from the indirectly 229 

AgNPs-coated glass samples with no ALD coating were up to 2-3 times that of the same samples 230 
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with the ALD coating. Direct LFS coated samples released up to 4 times the amount of silver 231 

within the first 30 minutes compared to ALD_2 and ALD_15. The results show that direct LFS 232 

coated glass consistently released the highest amount of silver into the solution, which could be a 233 

result of a higher initial concentration of silver on the surface compared to other samples as 234 

confirmed by the SEM images. 235 

 236 

Figure 3: Silver concentration measured from the liquid drawn from the immersion solution at 237 

different time points. The error bars represent the standard deviation of silver concentration 238 

measured from ICP-MS. 239 

The ALD_2 sample released more silver into the immersion solution within the first 24 hours as 240 

compared to ALD_15. Since ALD_2 had a thinner Al2O3 coating layer, it could have simply been 241 

dissolved away within the first 24 hours followed by the release of high amounts of silver into the 242 

solution. The results show that an Al2O3 layer with a thickness of 15 nm can significantly inhibit 243 

the release of silver for up to 48 hours in an aqueous environment. Figure 3 displays a graph of 244 

the silver amount released at different times. After 48 hours, more silver was measured in the 245 
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solution for ALD_15 compared to ALD_2. This suggests that with the used stirring speed of 120 246 

rpm it took about 48 hours to degrade the Al2O3 coating enough to release significant amount of 247 

silver into the solution. Higher amount of silver was measured for ALD_15 on the sixth day even 248 

though the total amount of silver present on the surface was similar to ALD_2. This could be a 249 

result of the 15 nm layer of Al2O3 retaining silver beneath it until the volume of the immersion 250 

liquid had reduced considerably. This would make it possible to measure more silver in the 251 

immersion solution since most of the silver was still available to be released into the immersion 252 

solution, which had a lower volume compared to the starting volume for other samples. 253 

Additionally, the presence of Al2O3 layer could be facilitating the leaching of silver after an 254 

initial period of inhibition. This is observed in the results as ALD_0, which had no Al2O3 coating 255 

released less silver in comparison to ALD_2, which had a 2 nm thin layer of Al2O3. Similarly, it 256 

is observed from the results ALD_15 that has a 15 nm thin layer of Al2O3 released more silver 257 

around the sixth day in comparison to ALD_2 even though the amounts are expected to be 258 

similar. This suggest that the mechanism for silver release from glass decorated with silver 259 

nanoparticles that has an immobilizing layer of Al2O3, is rather complex and not fully understood 260 

yet. Evaporation was limited as much as possible by covering the setup with a film except when 261 

samples were drawn from the immersion solution. However, the results show that a 15 nm thin 262 

layer of Al2O3 can be used to immobilize AgNPs to the surface of glass resulting in a slow 263 

release of silver into liquid for up to 48 hours. 264 

3.1.5 Surface chemical analysis 265 

XPS analysis of the coated glass surface revealed significant amounts of silver in addition to 266 

carbon, oxygen, silicon, and aluminum. Other chemical elements observed include sodium, 267 

chlorine and nitrogen, which were present in low amounts less than 1 %. A semi-quantitative 268 
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result of the elements identified from the XPS measurements are given in table 3 with the 269 

standard deviation (SD) in atomic percent. L_ALD_15 shows two results in table 3. In data point 270 

(A) Al2O3 layer had been partially eroded on glass surface whereas Al2O3 layer had been 271 

completely eroded in data point (B). 272 

Table 3: XPS results showing the elemental composition and the corresponding amount (in 273 

atomic percentage) observed on the surface of glass before and after leaching of silver.  274 

Before silver leaching 

 

C1s SD O1s SD Al2p SD Si2p SD Ag3d SD 

Ref 25.7 1.5 59.2 1.3 0.9 0.3 13.4 0.2 0.0 0.0 

ALD_0 20.6 3.3 61.7 2.6 0.5 0.2 13.5 0.8 3.1 0.1 

ALD_2 18.4 0.6 60.1 0.8 16.2 1.1 4.3 0.9 1.0 0.1 

ALD_15 12.6 0.5 59.7 0.1 27.6 0.3 0.0 0.0 0.0 0.0 

ALD0_D 33.5 2.8 37.0 2.4 0.0 0.0 6.3 0.5 22.6 0.1 

           
After silver leaching 

 

C1s SD O1s SD Al2p SD Si2p SD Ag3d SD 

L_ALD_0 52.5 5.4 38.6 5.0 0.2 0.2 5.5 0.4 1.2 0.2 

L_ALD_2 46.1 2.8 44.0 2.1 0.3 0.3 6.8 0.5 1.2 0.1 

L_ALD_15 (A) 46.3 0.1 35.1 0.3 1.0 0.2 0.9 1.1 1.2 0.2 

L_ALD_15 (B) 69.0 5.5 26.0 3.6 0.4 0.3 4.6 0.2 0.4 0.4 

L_ ALD0_D 56.5 2.8 29.2 2.5 0.1 0.2 4.5 1.5 8.4 1.8 

 275 
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XPS results measured before the immersion as shown in table 3 reveal that direct LFS coating 276 

produced more nanoparticles on the surface of glass compared to indirect LFS. This agrees with 277 

the SEM images, which show that direct LFS coatings resulted in more nanoparticles on glass 278 

surface. Furthermore, XPS results show higher atomic percentage of silver in samples 279 

immobilized with 2 nm Al2O3 coating compared to samples immobilized with 15 nm Al2O3 280 

coating. Considering the penetration depth of XPS measurements, which is about 10 nm, X-rays 281 

are not able to reach AgNPs located at depths greater than 10 nm. Hence, no silver was observed 282 

in the XPS measurements with a 15 nm Al2O3 coating prior to leaching. Multiple measurements 283 

at different locations on sample ALD_15 before leaching trials resulted in no silver peaks. This 284 

confirms that the thin ALD coating layer formed a conformal coating that completely covered the 285 

AgNPs produced on the surface of the glass substrate.  286 

 287 
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Figure 4: Deconvolution of XPS silver peaks into the three forms of silver. Peak positions located 288 

at 368.5 eV, 368.4 eV, and 367.4 eV correspond to Ag, Ag2O and AgO respectively. AgO is less 289 

than 1%, hence the peaks are not visible in the graph. 290 

Silicon observed in the XPS measurement originates from the glass substrate. Despite the 291 

presence of AgNPs on the surface of ALD_0 samples, the amount of silicon measured in atomic 292 

percent was comparable to reference glass sample about 13 %. Nevertheless, ALD_0 had more of 293 

the surface covered with nanoparticles, which is absent in the reference sample. ALD_2 had 294 

surface chemical composition of silver, silicon, and aluminum. Aluminum was observed on the 295 

glass surface mostly due to the thin surface coating of Al2O3 applied in the ALD process. XPS 296 

results show that reference glass, ALD0_D, and ALD_0 glass substrates had less than 1 % 297 

aluminum in the surface when compared to ALD_2 and ALD_15, which had about 16 % and 27 298 

% aluminum on the surface, respectively. Results obtained based on our experimental conditions 299 

suggest that the direct LFS coatings are recommended when a large quantity of nanoparticles is to 300 

be produced on the surface of a substrate.  301 

XPS peaks were further examined to give more information about the chemical constituents on 302 

the surface. Peaks were identified according to reference values in literature [47].The main 303 

carbon peak occurred at 268.5 eV binding energy. A deconvolution of the C1s peak revealed that 304 

carbon was present mainly as hydrocarbons and 14% was present as aldehydes and ketones. 305 

Oxygen peak was measured at 533.0 eV, and this was identified to be mainly oxygen from silica 306 

glass and metal oxides occurring at 533.1 eV and 531.5 respectively. This suggests that most of 307 

the silver on the surface is present in the metallic form. Silver peak is measured as a doublet 308 

corresponding to peak positions at 368.5 and 374.5 with energy separations (∆) of 6 eV. The 309 

silver peaks were deconvoluted into the three basic forms of silver with binding energy peaks 310 
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located at 368.5 eV, 368.4 eV, and 367.4 eV corresponding to Ag, Ag2O and AgO respectively. 311 

Based on percentage area analysis for different silver peaks, Ag metal was over 90%, Ag2O was 312 

about 7%, while AgO was less than 1%. This supports the observation that most of the silver 313 

measured on the surface was present as spherical metallic nanoparticles as observed in SEM 314 

images. Figure 4 details a deconvolution of the measured silver peaks as a doublet. The peak for 315 

AgO is not visible since the area percentage is less than 1%. 316 

After a six-day immersion into water, the surface chemical analysis revealed a considerable 317 

decrease in the amount of silver on glass surfaces showing less than 50 % of the initial silver 318 

amount remaining. This implies that despite the 2 nm and 15 nm immobilizing layer on top of the 319 

AgNPs-coated glass, silver had still been released into the immersion solution. The amount of 320 

aluminum reduced to less than 0.5 atomic percent except for ALD_15, which had about 1.0 % 321 

aluminum or less depending on measurement locations. This suggests that the 15 nm Al2O3 322 

coating had reduced in thickness, or was completely washed away into the immersion solution.  323 

Further investigation of the glass surface after silver leaching confirmed uneven weathering of 324 

the immobilizing Al2O3 layer in different locations as shown in figure 5. However, the uneven 325 

weathering could also suggest that the Al2O3 coating is durable, since it was intact in some part of 326 

the glass surface after six days in a turbulent aqueous environment. Therefore, the Al2O3 could 327 

provide better-controlled release of silver in a dry or humid environment.  328 
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 329 

Figure 5: Optical microscope images showing uneven weathering of the Al2O3 layer on top of the 330 

silver nanoparticles coated glass surface. The surfaces marked ‘A’ represent the Al2O3 layer 331 

remaining after six days while surfaces marked ‘B’ show location where Al2O3 layer is 332 

completely washed away. 333 
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Even though initial measurement did not show any trace of silicon for ALD_15, XPS 334 

measurement after water immersion showed about 4 % silicon on sample surface. However, the 335 

amount of silicon measured was not comparable to the reference glass. Carbon content increased 336 

after exposure to aqueous environment, which subsequently accounted for reduction in silicon. 337 

Impurities that dissolved from the atmosphere into the leaching solution after the six-day 338 

exposure to water could therefore have been adsorbed to the surface, and this could explain why 339 

the amount of carbon increased for all samples after aqueous exposure. Estimating the release of 340 

silver from different substrates is necessary since it is often used for its antibacterial properties. 341 

There is no accepted standard that defines the allowed concentration of silver in drinking water, 342 

personal care products and other applications, in which silver comes into direct contact with 343 

humans, or the environment as a byproduct. A standard measurement method is therefore 344 

required for quantifying the release of silver and acceptable limits need to be strictly defined. 345 

Toxicity of silver has to be systematically studied, as it will advise on the corresponding limits 346 

ideal for different applications. This presents a gap in research that still needs to be addressed. 347 

4.1 Conclusions 348 

Silver nanoparticles are increasingly used in different products to obtain an antimicrobial effect. 349 

However, there are concerns regarding the release of silver into the environment from these 350 

commercial products that use silver as an antimicrobial agent. Immobilizing silver to the surface 351 

materials can be used to control the release of silver in time. There have been studies regarding 352 

the release of silver from different products, but there is limited information about the release of 353 

silver from glass surfaces decorated with silver nanoparticles. Additionally, the lack of a 354 

standardized procedure for measuring the release of silver into the environment is an obstacle that 355 

needs to be overcome. Herein, silver is deposited as nanoparticles onto the surface of glass using 356 
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an aerosol technique called Liquid Flame Spray (LFS). To improve the AgNPs adhesion and to 357 

control silver leaching in time, a thin immobilizing layer of Al2O3 was applied with ALD on top 358 

of the silver-coated glass. The leaching of silver was measured from the glass in water over a 359 

period of six days. The highest concentration of silver measured in the immersion solution was 5 360 

µg/L. The thin Al2O3 layer was able to control the release of silver from the glass surface and 361 

reduced its initial leaching. The controlled time release of silver was directly proportional to the 362 

thickness of the Al2O3 coating: the 15 nm Al2O3 layer slowed silver release up to 48 hours while 363 

the 2 nm Al2O3 layer was able to slow silver release up to 4 hours before large amount were 364 

observed. The results also reveal that the mechanism of silver leaching from glass slide after an 365 

initial period of inhibition is quite complex. However, the results also suggest that the Al2O3 366 

coating is durable in short term, and this process could be used to control silver release in a dry or 367 

humid condition from the surface of glass.  368 

This study presents an alternative synthesis technique for AgNPs that eliminates the production 369 

of effluents into the environment. Furthermore, this study demonstrates that immobilizing AgNPs 370 

onto glass with an ALD-deposited Al2O3 layer can be used for controlled time release of silver 371 

from the glass. This would result in limited environmental exposure while ensuring that AgNPs 372 

remain on the surface for antibacterial properties over time, in the presence of moisture. 373 

However, for a better control of the silver leaching process, a better understanding of the 374 

durability of ALD-Al2O3  coating in water is needed, or alternate immobilizing layers should be 375 

considered. As part of further studies, a scratch test followed by the measurement of silver 376 

leaching through the different thicknesses of aluminum oxide layers is recommended, since it 377 

will give a better understanding of the mechanism of silver release. While the effect of pH was 378 

not studied here, there is evidence in literature to suggest that it affects the release of silver 379 
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considerably. Therefore, establishing a standard method for quantifying the leaching of silver into 380 

the environment would require considering the pH of the environment. Herein, a neutral pH 381 

environment is used. LFS is shown as a suitable technique for producing monolayers of AgNPs 382 

onto a surface. AgNPs could provide the required antibacterial effect while the Al2O3 383 

immobilizing layer will regulate the release of the silver nanoparticles. Therefore, antibacterial 384 

glass windows, doors, and other large-area antibacterial surfaces can be produced using the 385 

process describe in this study.  386 
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