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Enhanced disinfection by-product formation due
to nanoparticles in wastewater treatment plant
effluents†

Jacob W. Metch, Yanjun Ma, Amy Pruden and Peter J. Vikesland‡*

Nanoparticles (NPs) are increasingly being incorporated into consumer products and are being used for

industrial applications in ways that will lead to their environmental dissemination via wastewater treatment

plants (WWTPs). Many NPs possess catalytic properties that could potentially enhance undesired chemical

reactions such as the formation of disinfection by-products during disinfection of wastewater effluent. In

this effort, silver (AgNPs), titanium dioxide (TiO2), ceria (CeO2), and nano zero valent iron (NZVI) NPs were

investigated for their potential to enhance trihalomethane (THM) formation in three different disinfection

regimes: UV alone, free chlorine, and UV+free chlorine. Of the test nanomaterials, only AgNPs demon-

strated the capacity to enhance THM formation and thus they were subjected to additional study. AgNPs

enhanced THM formation at all concentrations examined (1, 10, and 20 mg L−1) even though the AgNPs

were chemically unstable in the presence of free chlorine. The transformation of the AgNPs and the pro-

duction of non-metallic silver species was observed via UV-vis spectroscopy. The capacity for AgNPs to

enhance THM formation was considerably increased in the UV+free chlorine disinfection regime. Although

not the focus of the study, formation of AgNPs during UV disinfection of Ag+ in the effluent was also

observed. This study illustrates the potential for NPs to catalyze unfavorable chemical reactions during

WWTP effluent disinfection. Such a result could prove detrimental to aquatic receiving environments and is

especially of concern in water reuse scenarios where aggressive disinfection regimes may be utilized.

1 Introduction

The rapid development of nanotechnology has led to the
incorporation of nanomaterials in numerous industrial and
commercial products. Nanomaterials are being employed in
these products due to their exceptional antimicrobial,1 photo-
catalytic,2 and optical3 properties, amongst others. The

widespread application of nanomaterials in industrial and
consumer products increases the likelihood that they will be
released into the environment in ways that are uncontrolled
and possibly detrimental.

The manner by which nanomaterial containing products
are consumed or cleaned is expected to result in significant
nanomaterial inputs to wastewater treatment plants
(WWTPs).4 For example, consumer products, such as clothing
and medical textiles, that contain embedded silver nano-
particles (AgNPs) have been found to release these nano-
materials during laundering.5,6 Nanomaterials such as tita-
nium dioxide (TiO2) applied in food, lotions, and sunscreens
have similar potential for transmission to sewer collection
systems simply through industrial and consumer use.7 Ceria
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Water impact

Increased incorporation of nanomaterials in consumer products may lead to their dissemination to the environment via wastewater treatment. The
presence of nanomaterials within waste streams likely has unintended consequences on wastewater treatment processes and effluent quality due to the
antimicrobial and catalytic properties of some nanoparticles. The research described herein investigated the potential for nanoparticles to enhance
disinfection by-product formation during wastewater disinfection. We observed that effluents containing silver nanoparticles had higher chloroform levels
when compared to effluents containing silver ions or background controls. This observation is potentially concerning as wastewater reuse is increasingly
utilized and it often employs aggressive disinfection regimes for pathogen inactivation. This study highlights the need for further investigation into the
potential for nanoparticles to enhance undesirable reactions in aquatic systems.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

56
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c5ew00114e&domain=pdf&date_stamp=2015-11-02
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ew00114e
https://pubs.rsc.org/en/journals/journal/EW
https://pubs.rsc.org/en/journals/journal/EW?issueid=EW001006


824 | Environ. Sci.: Water Res. Technol., 2015, 1, 823–831 This journal is © The Royal Society of Chemistry 2015

(CeO2) is used as a polishing agent in industry,8 and as a fuel
additive to reduce harmful emissions from diesel engines.9

Nano zero valent iron (NZVI) is also being developed for the
oxidation of several water contaminants10 and therefore may
be introduced to the sewer system as well. The combination
of their unique properties (relative to bulk materials) and the
strong potential for nanomaterial dissemination to sewer sys-
tems has led to increased concern regarding the possible det-
rimental effects of nanomaterials to WWTP performance.
Past studies by our group and others have shown that one
unintended biological consequence of nanomaterial fluxes
into WWTPs is a shift in the activated sludge microbial com-
munities11,12 and specifically, decreases in nitrifying bacte-
ria.11,13 To date, however, the potential implications of nano-
materials on the chemical processes used for wastewater
disinfection have yet to be examined.

As a result of their unique properties, nanomaterials are
widely applied as catalysts that can enhance the rates of a
diverse array of chemical transformations.14 For example,
Vejerano et al. (2013) discovered that during waste incinera-
tion, total polycyclic aromatic hydrocarbon emissions were
approximately six times higher in waste containing nano-
materials as compared to bulk controls.15 Of concern to the
present study was the potential for nanomaterials to catalyze
undesirable reactions within a WWTP. Our particular focus
was to evaluate the potential effects of nanomaterials on
wastewater disinfection.

It is well known that high concentrations of organic mat-
ter can lead to elevated concentrations of toxic disinfection
by products (DBPs) in chlorinated WWTP effluents.16 DBPs
form when strong oxidants such as free chlorine oxidize
organic matter, bromide, and iodide in water.17 Similarly, UV
irradiation is known to photorearrange organic matter and
possibly increase its reactivity towards free chlorine,18 thus
potentially increasing the DBP formation potential. Although
it is acknowledged that DBP occurrence in WWTP effluents is
important to water sustainability, and that NPs will be trans-
ported to the environment via WWTPs, currently there are no
studies investigating the effect of NPs on the formation of
DBPs in WWTP effluents.

In this study, we assessed the potential for four common
nanomaterials: Ag, TiO2, NZVI, and CeO2 to catalyze DBP for-
mation with a focus on trihalomethanes (THMs) and chloro-
picrin. THMs are of immediate concern because of their rela-
tive ease of formation in chlorinated water, their
mutagenicity and genotoxicity, as well as the regulatory stan-
dards placed on them by the US EPA.19 Chloropicrin is a con-
cern due to its formation potential in chlorinated waters and
its genotoxicity to mammalian cells.19 Because AgNPs demon-
strated an increased THM formation potential, follow up
experiments were conducted to gain further insight into the
mechanism by which AgNPs increased THM formation.
These experiments monitored free chlorine demand, assessed
THM formation at various AgNP concentrations, and used
UV-vis spectroscopy to investigate AgNP stability and material
speciation throughout the disinfection process.

2 Methods
2.1 Nanoparticle source, synthesis, and characterization

AgNPs were synthesized by sodium citrate reduction, as
described elsewhere.20 NZVI dispersions were purchased with
organic and inorganic stabilizers from NANO IRON s.o.r.
(NANOFER 25S, Rajhrad, Czech Republic). Anatase TiO2 and
CeO2 nanopowders were purchased from Sigma-Aldrich (St.
Louis, Missouri, USA) and were suspended into nanopure
water by sonication for 20 minutes (90 W, 20 KHz, 20 °C).
Nanoparticle suspensions and bulk or ionic controls were
prepared as stock suspensions of 100 mg L−1 and stored in
the dark until use. The bulk or ionic controls for AgNP, TiO2-
NP, CeO2-NP, and NZVI were silver nitrate (Fisher, Suwanee,
GA), TiO2 (≈44 μm) and CeO2 (≈5 μm) bulk powders (Sigma-
Aldrich, Saint Louis, MO), and ferrous sulfate (Fisher),
respectively.

The average sizes of the nanoparticles were determined by
transmission electron microscopy (TEM) as previously
described.21 Nanoparticle suspensions were diluted 100×,
then drop-cast onto a 200 mesh, lacey-carbon-coated copper
TEM grid. Hydrocarbons that would cause interference were
removed by heating under vacuum at 120 °C for 3 h. A JEM
2100 TEM (JEOL Corporation) operated at 200 kV, equipped
with an energy dispersive X-ray spectrometer and diffractom-
eter was employed. Average nanoparticle sizes were deter-
mined by counting at least 70 particles per TEM image and
then sizing via use of ImageJ software. Using this approach
the AgNPs were determined to have a diameter of 52 ± 12
nm, NZVI was 46 ± 10 nm, TiO2-NPs were 21 ± 12 nm, and
CeO2-NPs were 33 ± 12 nm.

2.2 WWTP effluent collection

Plant One (WWTP 1) received primarily domestic wastewater
flow, while Plant Two (WWTP 2) received approximately 15%
industrial wastewater flow along with domestic wastewater
flow. Both WWTPs were conventional activated sludge plants
and at the time of sample collection were not practicing deni-
trification. WWTP samples were collected immediately prior
to disinfectant addition, transported immediately to the lab
and stored at 4 °C until use (3 days or less). For general
wastewater characteristics see ESI† Tables S1 and S2.

2.3 UV254 disinfection

UV254 disinfection was carried out using a collimated beam
apparatus using our previously described setup.22 A low pres-
sure mercury lamp was used to produce UV light at a wave-
length of 254 nm. A fluence dose of 200 mJ cm−2 was
achieved by measuring the fluence rate with a UVX Radiome-
ter with a UVX-25 (UV254) sensor (UVP, LLC, Upland, Califor-
nia, USA), and then calculating the contact time based on the
fluence rate. Wastewater disinfection was carried out in 65
mL volumes in 9 cm diameter glass Petri dishes (depth of
approximately 1 cm) with continuous mixing throughout the
irradiation period.
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2.4 Free chlorine disinfection

Three conditions (background control, bulk or ionic control,
and NP) were subjected to free chlorine disinfection in tripli-
cate using 20 mL amber vials. The free chlorine concentra-
tion of a commercial chlorine stock was determined via the
colorimetric DPD method (HACH, Colorado, USA). A 2000 mg
L−1 free chlorine stock was prepared fresh for each experi-
ment and then diluted to achieve an initial free chlorine con-
centration of 20 mg L−1 in the reaction vials. Although this
chlorine dose is greater than what is practiced at most
WWTPs, this dose was chosen to represent a worst case sce-
nario and to investigate the potential DBP enhancing capabil-
ity of the nanoparticles. Final concentrations of the bulk or
ionic controls as well as the nanoparticle conditions were set
at 20 mg L−1. For metal oxide particles this was the mass of
the nanoparticles and for the zero valent metal particles, with
respect to the concentration of the metal. As a background
control the same volume of nanopure water was used to
dilute the reaction matrix to the same volume (20 mL). In the
experiments examining sequential disinfection by UV
followed by free chlorine, the product of the UV disinfection
step was pipetted into 20 mL amber reaction vials in tripli-
cate for each condition and then subjected to free chlorine
disinfection. Following free chlorine addition the reaction
vials were capped and mixed by inversion and then incubated
at room temperature for 30 minutes. Excess citric acid was
used to quench the reaction.

Because the AgNPs enhanced DBP formation at 20 mg L−1,
the experiments were repeated at lower NP doses and also
repeated at 20 mg L−1. In these follow-up experiments, the
chlorine disinfection protocol was modified slightly as in pre-
vious studies.23 Here a 5.6–6% sodium hypochlorite solution
(Sigma Aldrich, St. Louis, Missouri, USA) was used as a chlo-
rinating agent and diluted to prepare a 20 000 mg L−1 free
chlorine solution (concentration verified using DPD method
as described above). A large batch of the background control,
bulk or ionic control, or NP condition (180 mL) was prepared
in an Erlenmeyer flask and mixed with a magnetic stir bar.
In the UV+free chlorine disinfection regime; the product of
the UV disinfection step was put into an Erlenmeyer flask.
While mixing, the free chlorine solution was added to a final
concentration of 20 mg L−1, and the vial was then capped
immediately. After 30 seconds of mixing, 20 mL amber vials
were filled and capped with no head space, in triplicate, and
incubated for 30 minutes at room temperature. Citric acid
was added to the head space analysis vials so when the sam-
ple was added after 30 minutes, the reaction was quenched.

2.5 THM analysis

Four THMs (trichloromethane, bromodichloromethane,
dibromochloromethane, and tribromomethane) and chloro-
picrin were quantified using a Thermo Finnigan TraceGC
Ultra gas chromatograph (Thermo Finnigan, San Jose, Cali-
fornia, USA) with a SPB-624 Supelco fused silica capillary col-
umn (Sigma Aldrich, St. Louis, Missouri, USA) and a

headspace autosampler and an electron capture detector as
reported previously.24 Standards were diluted to known con-
centrations in headspace free glass syringes to limit loss of
standard to volatilization, and concentrated stock standards
were stored under water for up to one week. Samples were
transferred from the reaction vials to 20 mL headspace vials
and crimp sealed using an aluminum seal with septa (Restek
Corporation, Bellefronte, Pennsylvania, USA). THM standards
were purchased as a mixture (Restek Corporation,
Bellefronte, Pennsylvania, USA). Chloropicrin was purchased
(VWR International Inc., Suwanee, GA) and combined with
the THM standards during dilution. THMs were identified
based upon elution times and quantified using calibration
curves with reference to an internal standard of 1,2
dibromopropane (Crescent Chemical Company Inc., Islandia,
New York, USA).

2.6 UV-vis spectrum analysis

The UV-vis spectrum was analyzed during the follow up
experiments of varying concentrations of AgNPs. Samples
were collected in 10 mL amber vials for background control,
bulk/ion control, and NP conditions at four intervals of the
follow up experiments (no disinfection, free chlorine disinfec-
tion, UV disinfection, and UV+free chlorine disinfection).
Samples were stored at 4 °C for no longer than 2 days until
they were analyzed using a Beckman DU-640 spectrophotom-
eter (Beckman Instruments Inc., Fullerton, CA, USA).

2.7 Free chlorine demand

Free chlorine demand experiments were conducted in the fol-
low up experiments of varying AgNP concentrations. Samples
for no disinfection and after UV disinfection were collected
in 20 mL amber vials in triplicate for background control,
bulk/ion control, and NP conditions. These samples were
chlorinated with sodium hypochlorite at 50 mg L−1, after 24
hours of incubation in the dark at room temperature free
chlorine was measured according to Standard Method 4500-
Cl25 using a DR2700 spectrophotometer (HACH, Loveland,
CO). Chlorine demand was calculated as the difference
between the initial free chlorine concentration and the final
free chlorine concentration.

3 Results and discussion
3.1 Formation of disinfection by-products in the presence of
nanoparticles

To ascertain whether our four tested nanomaterials were
capable of enhancing DBP formation, our initial survey
employed a high nanomaterial dose of 20 mg L−1. Chloro-
form was the most abundant THM in all samples tested and
therefore will be the focus of the following discussion as it
drove THM trends. Of the four nanoparticles investigated,
only the AgNPs resulted in increased chloroform formation
relative to the bulk control, ion control, or the background
controls (Fig. 1). Chloropicrin was not quantifiable in most
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samples and no trends could be observed (ESI† Tables S3–
S6). We note that WWTP effluent variations likely caused
background formation of chloroform to vary greatly between
experiments as DBP formation has been found to vary tempo-
rally.26 Interestingly, neither CeO2 nor TiO2 resulted in
increased chloroform formation relative to the control condi-
tions. This result was unexpected given the well-established
capability of TiO2 to catalyze a variety of reactions via UV
light mediated formation of reactive oxygen species, as has
been applied for wastewater disinfection.27 Although not as
reactive as TiO2, CeO2 has also demonstrated photocatalytic
properties;28,29 however, no such properties were displayed in
this study. Similarly, there was also no significant increase in
chloroform formation in effluent containing nano zero-valent
iron relative to the background control. However, there was a
significant decrease in chloroform formation in the ion con-
trol (ferrous sulfate). This result is likely because ferrous sul-
fate incurred a significant free chlorine demand,30 thus limit-
ing the opportunity for free chlorine to react with organic
matter and produce chloroform.

Interestingly, formation of chloroform in the presence
of the AgNPs was considerably greater when subjected to
UV+free chlorine disinfection relative to the free chlorine
only condition. There is considerable understanding of
the photocatalytic properties of silver doped titanium
dioxide;31 however less is known about the photocatalytic

ability of silver itself. Subsequent experiments attempted
to identify the mechanisms driving this phenomenon.

3.2 AgNP enhanced chloroform production

A second series of experiments focused specifically on further
evaluation of the capability of AgNPs to catalyze disinfection
by-product formation at 20 mg L−1 and at lower concentra-
tions of 10 mg L−1 and 1 mg L−1. We note these concentra-
tions are still higher than EPA freshwater discharge guide-
lines of 3.2 μg L−1 for silver,32 however, it is important to
investigate the relationship between enhanced chloroform
formation and the concentration of AgNPs. Chloroform pro-
duction was found to be enhanced in wastewater effluent
amended with all three doses of AgNPs (Fig. 2). Enhanced
chloroform production by AgNPs was consistently observed
in the highly aggressive UV+free chlorine disinfection regime.
Low amounts of chloropicrin were produced in experiments
examining 1 mg L−1 silver; in experiments with either 10 or
20 mg L−1 of silver, chloropicrin was not quantifiable. No
trends were discernible for AgNP mediated enhancement of
chloropicrin formation. Brominated THMs were also pro-
duced in all samples tested with AgNPs having increased
bromodichloromethane in some situations, however, this
was not consistent and no trend could be discerned (ESI†
Tables S8–S10).

Fig. 1 Formation of chloroform in the presence of nanomaterials (indicated on x axis) relative to bulk/ion and background controls when
subjected to either chlorine only (Cl2) or UV+free Cl2 disinfection. The bulk/ion controls for AgNP, TiO2, NZVI, and CeO2 were silver nitrate, bulk
TiO2, ferrous sulfate, and bulk CeO2 respectively. Error bars represent one standard deviation of experimental triplicates.
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The results of this study suggest that in most cases UV
light influences wastewater chemistry in a manner that
enhances disinfection by-product formation when the water
is subsequently chlorinated. UV disinfection has been previ-
ously shown to photo-rearrange natural organic matter
(NOM), which could increase its reactivity towards chlorine.18

Also, it is known that NOM can form a thin layer or corona
around metallic nanoparticles under many environmental
conditions.33 Specifically, NOM has been found to associate
with both citrate coated nanoparticles34 and AgNPs.35 There-
fore, it is possible that NOM coats the AgNPs and that this
close proximity results in increased photo-rearrangement of
NOM during UV disinfection and thus increases its overall
reactivity towards free chlorine.

Of interest in this study was the potential formation of
disinfection by-products within the background matrix of
treated wastewater effluent. Wastewater effluent is relatively
rich in organic matter, relative to treated drinking water,
which could enhance disinfection by-product formation. In
this study, two WWTP effluents were examined, in order to
capture a range of possible matrix effects. When the AgNPs
were dosed to WWTP Effluent 1, there was no apparent trend
between the concentration and the enhancement of chloro-
form production. Although there was increased enhancement
in the 10 mg L−1 condition as compared to the 1 mg L−1

condition, there was not a significant increase in chloroform
generation between the 10 mg L−1 and 20 mg L−1 conditions.
When dosed to WWTP Effluent 2, however, there was a clear
trend of an increase in chloroform production with an
increase in AgNP dose. The differing trends observed with
the two WWTP Effluent matrices indicates that variations in
wastewater chemistry can influence the magnitude of the
enhancement in chloroform formation caused by AgNPs.
Based on the general characteristics of the effluents (ESI†
Table S1 and S2), the most striking difference between the
effluents is that the ionic strength was much higher in
WWTP Effluent 2 (1,013 μS cm−1) compared to WWTP Efflu-
ent 1 (594 μS cm−1). Ionic strength has been demonstrated to
affect nanoparticle stability and surface chemistry,36 which
will likely impact reactivity and could account, at least in
part, for the differing patterns of chloroform production
between the two effluents.

3.3 Potential effects of nanomaterial coatings

Tugulea et al. (2013) recently investigated the effect of poly-
vinylpyrrolidone (PVP) coated AgNPs on DBP formation dur-
ing drinking water disinfection and found they had no effect
on the formation of several DBPs, including THMs.37 This
conclusion is in direct contrast to the findings of the present

Fig. 2 Chloroform formation in the presence of varying concentrations of AgNPs, as well as ion (silver nitrate) and background controls in WWTP
effluents disinfection using free chlorine or UV+free chlorine disinfection. Note: lines are intended to guide the eye and not model the data. Error
bars represent one standard deviation of analytical replicates.
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study, which indicated a significant increase in chloroform
production in the presence of citrate coated AgNPs. Given
that the main difference between the two studies is the AgNP
coating, this difference suggests that the coating of the parti-
cle could play a crucial role in enhancing the formation of
chloroform.

To investigate whether free citrate could be acting inde-
pendently of the AgNPs to enhance formation of DBPs, an
experiment was conducted to isolate the effect of the citrate.
Citrate is oxidized during AgNP formation and is converted
into a diverse suite of oxidation products such as formate
and acetoacetate.38 It is therefore difficult to discern the pos-
sible effects of these oxidation products on THM formation,
however an experiment was conducted to evaluate how free
citrate itself participates in THM formation. Citrate was
dosed to both WWTP effluents and controls and subjected to
the same disinfection regimes applied in the nanoparticle
survey. No significant increase in chloroform formation was
observed in either effluent in the presence of citrate (ESI†
Table S3). However, a parallel experiment was conducted with
citrate coated gold nanoparticles and a similar effect was
observed as has been described above for the AgNPs (ESI†
Table S10). These results support the conclusion that it is not
free citrate in and of itself that is driving the enhanced for-
mation of chloroform, rather it is an interactive effect of the
association of citrate and its oxidation products with the
AgNP surface that enhances chloroform formation.

3.4 Role of free chlorine demand

Changes in chlorine demand mediated by AgNPs could
potentially have played a role in the enhanced formation of
DBPs. To explore this possibility, chlorine demand was mea-
sured while conducting the THM formation experiments with
varying concentrations of AgNPs. However, there was no obvi-
ous difference in the chlorine demand of the controls relative
to the AgNP condition at 1 mg L−1 and 10 mg L−1 (Fig. 3).
This is likely due to the fact that the majority of the chlorine
demand in this system could be attributed to other materials
present in the effluents, with minimal change in chlorine
demand attributable to the presence of silver. In the 20 mg
L−1 AgNP condition, however, a slight increase in chlorine
demand was detected, likely resulting from chlorine directly
reacting with AgNPs. In contrast, the effluent containing
AgNO3 had decreased chlorine demand, which was most
likely due to the formation of silver sulfide complexes and
therefore decreased reactivity with chlorine. This was espe-
cially apparent in the UV+free chlorine disinfection regime,
in which silver nanoparticle formation likely occurred.

3.5 Insight into physiochemical changes of AgNPs via UV-vis
absorbance spectra

To gain deeper insight into the complex interactions of the
AgNPs during the disinfection treatments we collected UV-vis
absorbance spectra for the samples both prior to and

Fig. 3 Chlorine demand in the presence of varying concentrations of AgNPs, as well as ion (silver nitrate) and background controls in WWTP
effluents disinfected using free chlorine or UV+free chlorine. Note: lines are intended to guide the eye and not model the data. Error bars
represent experimental replicates.
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following disinfection. Past studies by our group and others
have shown that UV-vis spectral analysis is an appropriate
means to capture the complexities of nanoparticle systems.39

AgNPs exhibit a localized surface plasmon resonance (LSPR)
that gives rise to a characteristic absorption band whose
spectral location and width is a function of the nanoparticle
size, nanoparticle aggregation state, and the solution
chemistry.40

As indicated in Fig. 4, the AgNPs exhibit a characteristic
absorption peak at ~400 nm whose intensity scales with the
nanoparticle concentration. This peak was stable following
UV disinfection; however, following free chlorine addition
the peak was either completely eliminated, as observed when
AgNP concentrations were 1 mg L−1 and 10 mg L−1 (ESI† Fig.
1 and 2) or was dramatically diminished as for the AgNP con-
centration of 20 mg L−1 (Fig. 4).

Yuan et al. (2013) investigated the chemical stability of
polyvinyl alcohol (PVA) coated AgNPs during disinfection and
observed that, at neutral pH, the AgNPs were stable following
UV disinfection.41 However, this stability was greatly reduced
under more acidic or alkaline pH conditions. The effluents
applied in the present study were near neutral in pH (ESI†
Table S2) and although the AgNP coating differed, they
behaved similarly with respect to their stability during UV
disinfection.

During chlorine disinfection; however, it was apparent
that the AgNPs were not chemically stable, as indicated by
the drastic reduction of the AgNP band at 400 nm. Previous
studies investigating the stability of PVA41 and PVP37 coated
AgNPs similarly concluded that AgNPs are not chemically sta-
ble during free chlorine disinfection and likely dissolve to

produce other silver species. We believe the observed forma-
tion of UV-vis peaks in the vicinity of ~300 nm following free
chlorine disinfection is consistent with such a phenomenon
as its temporal evolution is consistent with AgNP dissolution.
The lack of chemical stability of the AgNPs during chlorine
disinfection in conjunction with the increased formation of
chloroform suggests that the AgNPs are transformed during
the reaction and therefore should not be considered as cata-
lysts that enhance the kinetics of chloroform formation.
Interestingly, even though the AgNPs act as a sink for free
chlorine, there was still an increase in chloroform produc-
tion. This result indicates the participation of AgNPs in the
chloroform production, or at least in the alteration of NOM
leading to the increased formation of chloroform.

Evaluation of the UV-vis spectra also provides insight into
why the AgNPs may have exhibited different patterns of DBP
formation within the two WWTP effluent matrices. Differ-
ences in the spectra were most noticeable in the 10 and 20
mg L−1 conditions and were characterized by different shaped
AgNP peaks for WWTP Effluents 1 and 2. The spectra suggest
that the AgNPs were less stable in WWTP Effluent 2, without
disinfection, as indicated by the smaller AgNP peak for
WWTP Effluent 2 relative to WWTP Effluent 1. This could be
related to the higher ionic strength of WWTP Effluent 2, as
indicated above.

An unexpected discovery of this study occurred in the
ionic silver controls. Spontaneous formation of AgNPs
occurred when the AgNO3 control was exposed to UV light, as
indicated by the formation of a LSPR band at ~400 nm. The
large breadth of this peak suggests that the particles formed
via this mechanism were highly polydisperse. We note that

Fig. 4 A–C: UV-vis absorbance spectra of effluents at each stage of disinfection (no disinfection, free chlorine, UV, and UV+free chlorine) for
background and ion control and AgNPs, at 20 mg L−1. D–F: UV-vis absorbance differential with respect to that condition with no disinfection, for
background and ion controls and AgNPs, at 20 mg L−1.
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various methods for generating AgNPs exist and that AgNPs
have previously been synthesized using by UV254 irradiation
of AgNO3 in the presence of PVP.42 It is therefore not surpris-
ing that UV treatment can reduce the silver ions to AgNPs in
situ. Because these nanoparticles exhibit a LSPR band they
must consist at least partially of AgNPs. Were they fully
sulfidized (i.e., present as AgS2 NPs) they would not be
expected to exhibit a LSPR band.43,44 It is interesting that
such a reaction can occur unintentionally and that the
organic matter in the effluents was able to stabilize the parti-
cles. Importantly, similar to the pre-synthesized citrate coated
AgNPs, the spontaneously generated particles were chemi-
cally unstable during free chlorine disinfection (as evidenced
by the decrease in the LSPR band), but they did not lead to
increased chloroform production. This observation further
supports the conclusion that the citrate coating plays a key
role in the observed formation of chloroform.

4 Conclusions, environmental
implications

The present study determined that citrate coated AgNPs have
the capacity to enhance chloroform formation in WWTP
effluents at all concentrations of AgNPs investigated (1, 10,
and 20 mg L−1). It is hypothesized that the citrate coating
plays a crucial role in the reactions enhancing chloroform
formation, given that a similar study using PVP coated AgNPs
observed no enhanced chloroform formation.37 Citrate coat-
ings are commonly used in studies investigating nanoparticle
behavior as citrate is often used to reduce metal salts to
nanoparticles in industrial applications before the particles
are coated with another substance. Based on the UV-vis spec-
trum, AgNPs are not stable during free chlorine disinfection
and are likely cycled from particulate to soluble forms.

This study demonstrates that it is possible that nano-
materials present in WWTP effluents could enhance the for-
mation of disinfection by products. This enhancement of
DBP formation could be of concern to receiving environ-
ments due to DBP toxicity to aquaculture as well as a concern
for downstream municipalities. As indirect wastewater reuse
now supplies downstream cities with a significant source of
drinking water,45 increased DBPs in WWTP effluents will
pose a challenge to water sustainability strategies. Such
potential increases in DBP levels could also have implications
in water reuse scenarios in which rigorous disinfection,
including UV followed by free chlorine treatment, is com-
monly employed as an added safeguard.46 This scenario may
lead to violations in DBP regulations, or increased toxicity to
persons exposed to reclaimed irrigation water vapors as inha-
lation has been identified as an important DBP exposure
route.47

While the presence of AgNPs in the WWTP effluent
enhanced the formation of disinfection by-products, it was
encouraging that three of the four nanoparticles tested did
not increase THM formation. However, it is important to con-
sider that the conclusions of this study are limited to the

conditions that were tested and that different outcomes are
possible with changes in water chemistry and nanoparticle
characteristics, such as surface coating. Further, this study
focused primarily on THM formation, whereas there are over
500 disinfection by-products that have been identified to
date.17 Therefore, increased levels of DBPs other than THMs
could potentially be formed by these nanoparticles, which
would not be revealed in the present study.

Collectively the experiments described in this work illus-
trate the labile nature of silver in wastewater systems.
Although it was not the initial focus of this effort, the UV-vis
results indicate that UV exposure can convert Ag+ into AgNPs
and that free chlorine addition can reverse this process. The
cycling of silver between its soluble form and nanoparticulate
form during both wastewater and drinking water disinfection
requires additional study.
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