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Abstract

1.

Dental unit water lines (DUWL) are susceptible to biofilm development and bacterial growth
leading to water contamination, causing health and ecological effects. This study monitors the
interactions between a commonly used nanosilver disinfectant (ASAP-AGX-32, an antimicrobial
cleaner for dental units, 0.0032% Ag) and biofilm development in DUWL. To simulate the
disinfection scenario, an in-house DUWL model was assembled and biofilm accumulation was
allowed. Subsequent to biofilm development, the disinfection process was performed according to
the manufacturer’s instructions. The pristine nanosilver particles in the cleaner measured between
3 and 5 nm in diameter and were surrounded by a stabilizing polymer. However, the polymeric
stabilizing agent diminished over the disinfection process, initiating partial AgNPs aggregation.
Furthermore, surface speciation of the pristine AgNPs were identified as primarily AgO, and after
the disinfection process, transformations to AgCI were observed. The physicochemical
characteristics of AgNPs are known to govern their fate, transport and environmental implications.
Hence, knowledge of the AgNPs characteristics after the disinfection process (usage scenario) is
of significance. This study demonstrates the adsorption of AgNPs onto biofilm surfaces and,
therefore, will assist in illustration of the toxicity mechanisms of AgNPs to bacteria and biofilms.
This work can be an initial step in better understanding how AgNPs transform depending on the
conditions they are exposed to during their lifetime. Until this date, most research has been
focused on assessing the impacts of pristine (lab synthesized) nanomaterials on various systems.
However, it is our belief that nanoparticles may undergo transformations during usage, which must
be taken into consideration. Furthermore, this experiment is unique as it was conducted with a
commonly used, commercially available nanosilver suspension leading to more realistic and
applicable findings.

Introduction

In recent times, nanomaterials have found applications in many aspects of our daily life.
They have been progressively incorporated into a wide range of consumer products. Paints,
textiles, personal care products, medical apparatus, batteries, and sporting goods are just a
few examples of such products currently available in the market. Attributed to their size,
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nanomaterials have shown to display specific characteristics such as high surface-to-volume
ratio and higher reactivity in comparison to the bulk material. Today, nanomaterials are
synthesized utilizing various techniques and methods leading to an extensive variety of
nanomaterials encompassing different characteristics.

The widespread use of nanomaterials in commercial products may lead to their release and
accumulation in the environment (e.g., soil and water) (Hajipour et al., 2012). Depending on
the inherent nature and characteristics of the nanomaterial, environmental exposure may lead
to negative ecological impacts. Silver nanoparticles, which are well-known and primarily
utilized for their antibacterial and antifungal properties, are currently the most extensively
used nanomaterial in consumer products (Tolaymat et al., 2010). In the case of silver
nanoparticles (AgNPs), based on their antibacterial characteristics, there is concern
regarding their possible impacts on beneficial microbial communities in the ecosystem and
also waste management processes that heavily depend on microbial degradation (Donoso-
Bravo et al., 2011).

Microbial and biofilm growth in water delivery lines are a persistent problem facing the
dental industry (Costa et al., 2016). Typically, dental unit waterlines contain opaque, small-
diameter tubing that carry water to and from the patient’s mouth during dental procedures.
Due to their small inner diameter and composition, mainly flexible polyurethane or other
plastics, dental lines are an excellent environment for the development of microbial biofilms.
The inner surface of the dental tubing acts as a substrate, allowing bacteria to use the
hardeners and additives as a nutrient source promoting biofilm growth (Walker and Marsh,
2007). The biofilm and bacteria will eventually percolate into the water stream, posing
health risks to patients, as well as dental health care personnel (Szymanska, 2003).
Occupational asthma has been reported as a potential risk factor dental staff face from
inhalation of aerosolsgenerated from the biofilm contaminated dental unit waterlines
(Pankhurst et al., 2005). Also, the biofilm cause a foul odor and are known to give water a
bad taste (Shepherd et al., 2001).

In light of the above, a clean water delivery system is essential for dental procedures. In the
past, instruments such as ultrasonic scalers were utilized for reducing the growth of
microorganisms (Blake, 1963). Other more common methods used for preventing
contamination include installation of independent water systems, water filtration and
sterilization systems or a variety of chemical treatment protocols (Pankhurst et al., 1998). It
is important to note that sterile water delivery systems have proven to be expensive to
purchase, maintain and less convenient to use compared to the conventional water delivery
systems (Shearer, 1996). As for chemical treatments, a variety of chemicals have been
examined for their decontamination capability against these microorganisms and biofilms
(e.g. hydrogen peroxide, ethanol and ozone). Dependent on the intrinsic nature of the
chemical agents, the application procedures vary, ranging from intermittent use to
continuous introduction to the water supply. However, the potential implications of the
chemical treatments on different components of the dental unit, and their biochemical
interactions are not always known or predictable (Pankhurst et al., 1998). Therefore, it is
important to investigate the safety and efficacy of chemical treatments to ensure patient and
dental personnel protection.
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AgNPs have been established as a beneficial disinfecting agent with applications in
countless fields. In dentistry, AgQNPs are utilized as a means to prevent or reduce biofilm
growth over dental material surfaces (Correa et al., 2015). As an example, numerous
nanosilver solutions are commercially available for the disinfection of dental unit waterlines.
The dental lines are routinely flushed with a nanosilver solution for a duration of time,
rinsed, and brought back into service. Although this practice has gained popularity, little
research has been conducted assessing the physicochemical transformations of the AgNPs
during the disinfection process, and more importantly, upon exiting the system.

The objective of this research was to investigate the physicochemical alterations of
commercial nanosilver cleaner (ASAP-AGX-32, an antimicrobial cleaner for dental units,
0.0032% Ag) as a disinfectant on biofilm growth in dental unit water lines (DUWL). It is
well established that the physicochemical properties (e.g. aggregation, complexations, and
transformations) of nanosilver govern their fate, as well as their potential environmental
implications. However, this observation has been primarily evaluated using fresh laboratory-
synthesized AgNPs. Lab-synthesized AgNPs may possess different characteristics compared
to AgNPs in consumer products attributed to factors such as aging (shelf-life), matrix used
(e. g., dispersants, additives, etc.) and exposure to light. Hence, it is our goal to simulate the
disinfection process commonly utilized by dental offices and monitor the alterations to the
physicochemical properties of the commercially available AgNPs under real life
circumstances.

2. Experimental methodology

An in-house DUWL model was built to simulate common dental unit water lines used in
dental practices. A continuous flow system of tap water was utilized as shown in Fig. S1.
Gray polyurethane tubing with an outer diameter of 1/4”was purchased from 55 Dental
Supplies and Equipment (www.55dental.com) and used for this experiment. The model was
designed to allow tap water to run through multiple loops of dental tubing and ultimately
drain into a collection tank. As water was siphoned from the tank, it was automatically
replaced using a float valve, allowing unattended continuous water flow. The continuous
water flow rate was set at 2 mL min~1 and a total of twelve 4 m in length dental tubing lines
were utilized. After 5.5 months of continuous tap water circulating through the DUWL, a
substantial accumulation of biofilm was detected according to the microbial analysis. At this
time, the dental tubing was transferred to the re-circulating disinfection system (Fig. S2) and
2 ppm nanosilver was circulated through the system for a duration of 3 days following the
manufacturer’s instructions.

Figure S2 is a schematic of the setup used for the disinfection process. Two liters of
commercial nanosilver cleaner ASAP-AGX-32 (0.0032% Ag) were prepared with a final
silver concentration of 2 ppm to be used for the course of the disinfection process. Initially,
1.5 L of the diluted nanosilver solution was added to bottle A and 0.5 L to bottle B. The flow
rate from bottle A to B was set at 1.3 mL s~ for a 10 min interval resulting in 800 mL of
solution transferring from A to B. After 10 min, the valves were reversed and 800 mL was
transferred back from B to A. This process was continued for the duration of the treatment
period. As demonstrated in Fig. S2, the recirculation of the disinfectant solution was also
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setup to perform automatically by a pre-programed timer/control box with multiple start and
stop times per day aimed at achieving the proposed operational instructions.

After 3 days of nanosilver treatment, the dental tubing was transferred back to the
continuous water flow system following the procedure used in dentist offices. Microbial
analysis of the dental tubing was performed immediately after the 3 days of nanosilver
treatment. A 1 ft segment of dental tubing was cut into 6 sections and each section was
sliced in half for microbial analysis. The biofilm was removed from the sectioned pieces of
the tubing by means of either physical scraping or sonication. Biofilm collection by scraping
was done by scooping the biofilm using disposable inoculating loops. As for sonication, the
sliced tubing sections were immersed in centrifuge tubes containing 30 mL sterile water and
sonicated for an interval of 10 min (Fisher Scientific, Ultrasonic Cleaner, FS30, 100w, 40
kHz). Sonication was proven to be a more effective way for removal and/or re-suspensionof
biofilms and bacteria in sterile water compared to other physical methods such as scraping
(Gagnon and Slawson, 1999, Manuel et al., 2007, Jost et al., 2014). The water samples
collected after following sonication were filtered through 0.4 um polycarbonatefilters.
Subsequently, the water samples were plated onto R2A agar in 10, 100 and 1000 fold
dilutions and incubated for 1 week at 25 °C on duplicate plates. The R2A plates were
evaluated for colonies after one week. Colonies were counted and recorded as colony
forming units, CFU ml~1,

Transmission electron microscopy (TEM, JEOL JSM 2100), Scanning electron
microscopy(SEM, JEOL JSM 6490LV and JEOL JSM 7600F) and Energy-dispersive X-ray
analysis(EDX, Oxford Isis) were used for characterization of the nanosilver and biofilm,
respectively. For TEM analysis, samples were prepared by depositing a drop of nanoparticle
suspension onto a carbon coated copper grid and air-drying the samples at room temperature
in a dust-free box overnight. For SEM characterization, the dental tubing samples were cut
and placed in 2.5% gluteraldehyde in 0.1 M cacodylate buffer. Afterwards, samples were
placed in 1% OsO4 and washed with double distilled water, dehydrated in a dilution series of
ethanol-water solution and placed in a desiccator to be air-dried. Subsequently, samples were
mounted and gold coated for examination with SEM. Finally, an elemental composition
analysis of the silver nanoparticles by energy-dispersive X-ray spectroscope (EDX, Oxford
Isis) was performed to confirm the elemental presence of silver in the electron micrographs.

Prior to the initialization of the experiment, evaporated (concentrated) pristine Ag
nanoparticles were suspended in distilled water and subsequently evaporated in droplets onto
a sticky carbon tape and placed on the platen for X-ray photoelectron spectroscopy (XPS)
analysis. Surface elemental speciation and composition of the pristine silver nanoparticles
was performed using XPS (Scanning Al-Ka source). The binding energy was set in the
region of 0-1450 eV and the resolution <0.5 eV using beam width resolution of 10-100 um.
The analysis took place in High Power mode with neutralization (anti-charging) by electrons
and argon ions. Further details of the XPS analysis can be found in the SI.

To evaluate transformations in silver speciation that may have occurred in the course of the
disinfection process, X-ray absorption spectroscopy (XAS) was conducted at Sector 10-I1D
(Segre et al., 2000) of the Advanced Photon Source of Argonne National Laboratory (ANL),
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Argonne, IL following the experimental setup and sample analysis described by Lombi et al.
(2013). Upon completion of the disinfection process, the used nanosilver solution was
collected and stored in a dark serum bottle to prevent changes in speciation. In order to reach
detectable silver concentrations, a 50 mL aliquot of the spent nanosilver solution was filtered
through a 0.45 um polycarbonate membrane, and the membrane was dried overnight in an
anaerobic chamber. The AgNPs accumulated on the membrane were examined by XAS
utilizing a quick scan set up.

3. Results and discussion

3.1. Microbial analysis

Table S1 shows the bacterial growth in CFU ml~1 for the dental tubing samples after 2
weeks, 1 month, 10 weeks, 3.5 months and 5.5 months of continuous tap water flow.
According to the results, there were no detectable bacterial developments on the inner
surface of the dental tubing during the initial 2 weeks. Microbial analysis of triplicate tap
water samples indicated negligible CFU counts, theoretically explaining the lack of
significant biofilm formations in the first few weeks. The first indications of bacterial growth
in the tubing came after 3.5 months of continuous water flow. Although it has been reported
the CFU levels can reach magnitudes of 10° after one or two weeks (Walker et al., 2003,
Porteous et al., 2013), results from other experiments show a lower CFU level and biofilm
growth comparable to our study (Schel et al., 2006, Porteous et al., 2011). Variations in the
CFU measure, as well as biofilm density may be caused by dissimilar planktonic bacterial
levels present depending on the water quality. As demonstrated in Table S1, the bacterial
growth increases over time and after 5.5 months of tap water flowing through the lines, the
CFU count is in the order of 102103 for the dental tubing.

Table S2 shows the data pertaining to the microbial analysis (CFU/ml) of the dental tubing
surface before and after the nanosilver disinfection process. As demonstrated, upon
treatment with the nanosilver suspension, no CFU were detected on the dental tubing
surface. Nevertheless, it must be emphasized that the CFU count is presented as general
confirmation of the occurrence of the disinfection process, while the primary goal of this
study was to evaluate the potential physicochemical alterations of the AgNPs.

3.2. Scanning electron microscopy (SEM)

Fig. 1 shows SEM images of the inner surface of pristine dental tubing. Dust-like material
and particles can be observed on the large-view image Fig. 1A. The soft texture of the
polyurethane surface can be clearly seen in Fig. 1B. The polyurethane inner surface of dental
tubing is a favorable substrate for microbial attachment and growth (Walker and Marsh,
2007). Fig. 2A and B displays the SEM images of the inner surface of the tubing after 19
days and 4 months of continuous tap water flow, respectively. In Fig. 2A, the biofilm is
covered by extracellular polymeric substance (EPS), a slime-like matrix that gives biofilm
stability and helps it adhere to the tubing surface (Hall-Stoodley et al., 2004). The EPS
development at this stage is very thin; however, several rod shaped bacteria can be detected
in the biofilm development. The biofilm structure may still be in its early stages of
development at this point. In Fig. 2B, relative progression of the biofilm growth is evident
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and an increase in the bacteria population is noticeable within the EPS compared to Fig. 2A.
However, an overview SEM image of the same area of the tubing indicates the biofilm
growth to be sporadic with low density at this time point. This may potentially explain the
relatively low CFU counts encountered in Table S1.

Fig. 3A and B displays the backscattered and secondary electron SEM of the same area of
the biofilm surface after treatment with nanosilver. As a result, the particle spatial
distributionis consistent on both SEM images. Distinct bright particles are observed on the
surface of the biofilm in Fig. 3A. In view of the fact that backscattered SEM imaging is
capable of displaying distinguishable contrasts amongst different materials, it is our opinion
that the bright distinctive particles visible in Fig. 3A are silver in the form of particles or
aggregates. This hypothesis was further established by detection of a large particle on the
biofilm surface using high magnification backscattered SEM imaging in Fig. S3.

3.3. Transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) analysis

The TEM image of the pristine commercial ASAP-AGX-32 nanosilver is shown in Fig. 4A.
The pristine AgNPs are small in size, ranging between 3 and 5 nm in diameter, spherically
shaped and surrounded by a polymer. The corresponding EDX spectrum, however,
distributes a weak Ag signal as can be seen in Fig. 4B. The weak EDX signal is perceived to
be related to the small size of the particles and the existence of the surrounding polymer. The
utilization of a polymer is primarily known to be for stabilization of AgNPs in aqueous
solutions (Iravani et al., 2014). Although the composition of the specific polymer used in
this commercial product is not specified by the vendor, TEM images of comparable
polymers and particles surrounded by polymers have been previously reported (Brown et al.,
2007, El-Shall et al., 2009, Liu et al., 2009, Xing et al., 2009). As an example, Brown et al.
presents time-resolved, in situ TEM imagery, demonstrating real-time alterations to the
polymer on a TEM grid (Brown et al., 2007). EI-Shall et al. presents TEM images of
metallic and bimetallic particles bound and stabilized by polymers (El-Shall et al., 2009).
All of the reported TEM imaging demonstrate a polymer morphology similar to that
depicted in Fig. 4A. Furthermore, the existence of a strong carbon peak indicates the
presence of a stabilizing agent in the prepared EDX samples (Fig. 4B).

To monitor the physical transformations that AgNPs may potentially encounter during the
course of the disinfection process, further TEM imaging was performed. Fig. 5A and C
displays TEM images of the AgNPs subsequent to recirculation through the dental tubing for
3 days (disinfection process). It is evident that the pre-existing polymer encapsulating the
silver nanoparticles are no longer present. The polymer may have adsorbed onto the surface
of the dental tubing or biofilm during the treatment period. The corresponding EDX spectra
displayed in Fig. 5B (after disinfection process) is focused on a non-aggregated portion of
the AgNPs, and demonstrates an Ag signal similar to that of Fig. 4B (pristine). Although the
EDX analysis was performed using similar spot size, it is probable that different locations
may contain different numbers of particles leading to an altered Ag signal strength. The
absence of the polymer as a stabilizer appears to have initiated the aggregation of a
proportion of the AgNPs, as shown in Fig. 5C. Although a fraction of the AgNPs have lost
their stability in suspension, forming larger aggregated particles, small particles in the 3-5
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nm range are still dominant in number. Fig. 5D is the EDX spectrum corresponding to the
aggregate particles (Fig. 5C). This spectrum displays a considerably strong Ag signal, which
is attributed to the accumulation of particles forming the aggregate. The observed aggregated
Ag particles measured between 50 and 200 nm in diameter. This considerable increase in
particle size observed in Fig. 5D impacts the physicochemical properties of the AgNPs,
giving rise to different environmental impacts and transportation scenarios (after disposal)
compared to the pristine AgNPs (Agnihotri et al., 2014). As an example, aggregated silver
nanoparticles are less stable compared to the pristine nanoparticles’ containing the polymer
stabilizer, and consequently, more likely to precipitate out of solution. In addition, particle
aggregation causes a decrease in surface area, lowering their surface of contact (reactivity),
and therefore lowering their antimicrobial capabilities (‘Yu, 2007, Dorjnamjin et al., 2008,
Kvitek et al., 2008, Li and Lenhart, 2012).

3.4. Silver speciation by X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS)

To determine the chemical speciation state of the particles in the pristine nanosilver solution,
XPS measurements at the Ag 3d core levels were conducted. Previous studies have
demonstrated the Ag3ds, binding energies for Ag, Ag,0 and AgO are approximately 368.2,
367.8 and 367.4 eV, respectively (Lai et al., 2010, Prieto et al., 2012). The Ag
3ds/o_3/pspectrum is shown in Fig. 6, with binding energies of Ag3d doublet peaks located at
367.7 (Ag3dsyp) and 373.7 (Ag3dsy,) eV. Comparison of these peaks with the 3d peaks
available from Ag metal (BE = 368.0 eV) reveals some major differences. The binding
energy of Ag3d core levels for the pristine nanosilver solution shifts towards lower binding
energy values signifying the existence of silver oxidation states. Therefore, according to the
peak shifts of the Ag3d lines observed between both species (i.e. an Ag 3ds/, peak at 367.05
+0.05 eV and a 3ds/, peak at 373.25 + 0.05 eV), the presence of Ag3* ions is likely.
According to the literature and our experiments, the binding energy of the 3ds, level is
equal to 368.3 + 0.1 eV for silver metal, and that of Ag,0 (i.e. Ag*?) is about 367.9 + 0.1
eV, therefore, a shift of about 0.3 eV per valence unit to lower energies can be expected.
Thus, the measured value of 367.3 eV measured for this peak is well in accordance with the
presence of Ag3* ions in the oxide layer (Lutzenkirchen-Hecht and Strehblow, 2009,
Ferraria et al., 2012). Further analysis of the spectrum indicates the pristine nanosilver
solution to be comprised of AgO (~74%) with a small admixture of Ag (I) and Ag (111)
(~26%).

Previous studies indicate transformation of AgNPs to AgCl to be anticipated when exposed
to chloride containing environments (Gitipour et al., 2013). The XAS spectra from the
analysis of the nanosilver solution after the disinfection process is demonstrated in Fig. 7A.
A visual inspection of Fig. 7A demonstrates AgCl as the dominant species developed
following the disinfection process. In fact, analysis of the LCF results (Fig. 7B) indicates
that the dominant species formed were AgCI. As tap water contains fairly high levels of
chlorine, the formation of AgCl was triggered and anticipated. Therefore, under the current
conditions present in the DUWL disinfection system, phase transformations of AgNPs are
likely. Phase transformations are of importance as they may impact the stability,
bioavailability and toxicity of AgNPs.
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4. Conclusion

In summary, this research highlights the physicochemical alterations, as well as fate of the
commercial AgNPs, during dental tubing disinfection process. The analysis of colony
forming units (CFU/ml) for the dental tubing, before and after treatment, demonstrates a
decrease in the CFU count, and confirms the occurrence of the disinfection process.
Characterization of the commercial nanosilver revealed the pristine AgNPs to be spherical in
shape, ranging between 3 and 5 nm in size, and bound by a stabilizing polymer. However,
after disinfection, the polymeric stabilizing agent surrounding the AgNPs were no longer
visible. The disappearance of the polymer was most likely due to adsorption onto the biofilm
surface. As a result of the absence of the capping agent, aggregation of a fraction of the
silver nanoparticles were initiated. The AgNP aggregates size distribution ranged between
50 and 200 nm in diameter. Additionally, surface transformations of the silver nanoparticles
were observed after the course of the disinfection process (treatment process). The pristine
nanoparticles were demonstrated through XPS analysis to be dominantly silver oxides
(AgO) with a miniscule portion of Ag (1) and Ag (1) while the spent nanosilver solution
displayed substantial surface transformations of the AgNPs to AgCl.

To the best of our knowledge, this manuscript demonstrates the first time Ag nanoparticles
have been demonstrated to adsorb onto biofilm surfaces. This work can be an initial step in
better understanding how nanomaterials, specifically AgNPs, transform depending on the
conditions they are exposed to during their usage scenario. Until this date, most research has
been focused on assessing the impacts of pristine nanomaterials on various systems.
However, it is our belief that nanoparticles may go through transformations during their
lifecycle that must be taken into consideration prior to making judgements in regards to their
environmental toxicity (natural or engineered systems).
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Fig. 1.
SEM images of unused dental tubing surface. Images A) and B) comprise of 2500X view

and detailed texture (10,000x) of tubing surface, respectively.
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Fig. 2.
SEM image of the biofilm development on the dental tubing surface after (A) 19 days and

(B) 4 months of continuous tap water flow.
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Fig. 3.
(A) Backscattered SEM and (B) secondary electron SEM images of the same area of

biofilm. The backscattered SEM image displays the clear contrast between Ag nanoparticles
and the surrounding biofilm.
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Fig. 4.
(A) TEM image of the pristine ASAP-AGX-32 nanosilver and (B) the corresponding EDX

spectrum.
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Fig. 5.

(A and C) TEM images of nanosilver after re-circulation through the dental tubing for 3
days. Image A) displays small AgNPs (3-5 nm) and image C) displays a large partially-
aggregated Ag particle surrounded by small (3-5 nm) AgNPs. (B and D) are the
corresponding EDX spectra of the particles presented in images A and C, respectively.
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Fig. 6.
AG 3d XPS spectra of pristine Ag nanoparticles.
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Fig. 7.

A) Ag-K, XAS spectra of Ag,S, Ag,0, AgCl and Ag metallic as pure phases and AgNPs
(ASAP-AGX-32) after the DUWL disinfection process (Spent Nanosilver). B) Ag speciation
as identified by LCF of k-edge XANES spectra. Silver species proportions are presented as
percentages. Goodness of fit is indicated by the R-factor.
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