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ABSTRACT: Silver nanoparticle synthesis produced by green chemistry
methods shows potential in areas such as medical applications and biosensing.
Here, we show that natural organic macromolecules (NOM) can be used to
synthesize and stabilize silver nanoparticles (AgNPs). Silver nitrate was mixed
with one of four NOM types that formed NPs by chemical reduction with
either ascorbic acid or sodium borohydride. Resulting NP suspensions were
characterized by size, morphology, and stability. A range of particle sizes were
obtained, but no clear trends were observed for chemical type or NOM con-
centration. One reaction (10 mg L−1 HA, Ag +, and Na BH4) produced mono-
disperse and stable (after three months storage) AgNPs of 10−20 nm, while
others such as succinoglycan could be relevant to application in other fields,
e.g., medical research. This method indicates the potential to produce relatively
stable AgNPs coated with a number of ligands from sustainable sources that
are nontoxic and biocompatible, suitable for environmental risk study.
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■ INTRODUCTION

Manufactured nanoparticles (NPs) (1−100 nm) exhibit different
properties from their larger counter parts such as increased
specific surface area (SSA), along with altered optical, catalytic,
and surface characteristics.1,2 Commercial exploitation has
meant that NPs can now be found in many domestic items
including toothpaste, laundry products, food, and food storage
materials.3 Silver nanoparticles (AgNPs) in particular, have
received much attention recently due to their antimicrobial
properties and wide environmental exposure.4−6 The presence
of NPs in the environment and their high toxicity in many
cases7−12 raises concerns for human and environmental health.
Nanoparticle-capping agents, which are usually organic, are

essential to enhance colloidal stability.13 Metal and metal oxide
NPs are typically capped with synthetic chemicals such as citrate,
polyethylene glycol (PEG), poly(acrylic acid) (PAA), poly-
vinylpyrrolidone (PVP), and polyvinyl alcohol (PVA)14−18 to
minimize aggregation. The surface characteristics of NPs are
also important in mitigating any toxicity, and capping agents
have been found to have a key role here in these processes.19

Sterically stabilized NPs, in particular, may be expected to be
dispersed under all conditions and are therefore potentially
more bioavailable and more toxic under realistic environmental
conditions.5,20 In addition, attaching capping agents to NPs,
such as quantum dots that reduce solubility and Cd release and
thus reduce toxicity,21 suggests that applying capping agents
that are also strong chelators may be ideal in minimizing ion
toxicity even after (partial) dissolution of the NPs has occurred.

It is known that presynthesized NPs coated with natural
organic macromolecules (NOM), such as humic substances
(HS), reduce short-term toxicity of NPs over a range of NP
types.5,22 Therefore, NP formation with NOM is an attractive
“green” solution to NP synthesis. However, despite the avail-
ability of some published synthesis methods,23−26 there is a lack
of methods that focus on biocompatible chemicals.
A few studies have produced NPs using fresh plant, bacterial,

or fungal material27 resulting in antibacterial wound dressings
and fabrics containing NPs.28,29 Silver NPs have also been
manufactured from lemon extract containing 2% citric acid and
0.5% ascorbic acid30 and inside alfalfa sprouts.31 It is therefore
reasonable to expect that other natural materials would be
suitable in NP synthesis, provide NP stability, and perhaps per-
form better than synthetic chemicals. A number of studies have
explored the combination of NPs and natural reagents without
other synthetic stabilizers, such as gold capped with humic or
fulvic acids for biosensors24,32,33 and other dried organic
materials, such as the Cinnamomum camphora leaf, which have
been used to produce silver and gold NPs of 65−80 nm.34

The work in this paper, which builds on previous work with
citrate-Ag NPs and NOM,35 presents the novel synthesis of
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1−100 nm silver NPs from four different natural organic
macromolecules (NOM) types and two reducing agents,
ascorbic acid (AA) and sodium borohydride, NaBH4, without
the aid of synthetic ligands. NPs were characterized initially
at 24 h and their stability at three months using a range of
techniques including visual observation, UV−vis absorbance
spectra, transmission electron microscopy (TEM), dynamic light
scattering (DLS), and electrophoretic mobility (EPM). This paper
highlights the fact that NPs can be formed and stabilized without
additional synthetic ligands, which have two implications: (1) NPs
can be chemically formed and stabilized in the environment. (2)
Such coatings are biologically compatible providing reduced
toxicity and allowing the direct study of core particle hazard.

■ MATERIALS AND METHODS
Materials and Reagent Preparation. Three humic substances

were obtained from the International Humic Substance Society (IHSS,
Colorado, U.S.): Suwannee River humic acid (HA), Suwannee River
fulvic acid (FA), and IHSS peat humic acid (PHA). An exopoly-
saccharide (PS), succinoglycan, was obtained from Carbomer Inc.,
U.S., and used at three different concentrations (1, 10, and 100 mg L−1)
for the synthesis of AgNPs. Each condition was synthesized with
either NaBH4 or ascorbic acid (AA) as the reducing agent. FA and HA
stock suspensions (400 mg L−1) were prepared from powder and
dissolved in pure water. They were then shaken by hand for 1 min and
left in the dark, at 4 °C, for at least 24 h without any further prepara-
tion. The PHA stock (400 mg L−1) was prepared from powder and
dissolved in pure water with the addition of a few drops of 1 M NaOH
to disperse aggregates. Subsequently, the pH was readjusted to pH 7
using 0.1 M NHO3 to produce a stable suspension at pH 7 with a final
concentration of 400 mg L−1. The stock was rapidly mixed to minimize
any local effects due to low pH. The PS stock was prepared by
dissolving 50.6 mg of powder in 100 mL of pure water. The suspen-
sion was stirred for 24 h and then filtered through 0.2 μm preweighed
filter papers (Millipore) to remove aggregates. The overall mass was cal-
culated gravimetrically, with a resulting PS concentration of 336 mg L−1.
Stock solutions of silver nitrate, AgNO3, 100 mg L−1; sodium boro-
hydride, NaBH4, 38 mg 100 mL−1; and 10−2 M ascorbic acid (AA),
178.7 mg 100 mL−1 were freshly prepared from their powders in high
purity water (UHP, resistivity >18 Ω cm −1) and used immediately.
Synthesis of Ag/NOM NP Suspensions. All synthesis steps were

performed in 25 mL glass vials at ambient conditions (∼20 °C). The
NOM (1, 10, or 100 mg L−1) was mixed with AgNO3 solution, 8 mg
L−1 in water, to a 20 mL volume. After 24 h, 1 mL of the reducing
agent stock (NaBH4 or AA) was added and shaken vigorously for 2−3 min.
Suspensions were aged under ambient conditions for approximately
8 h and then stored in the dark at 4 °C. All color changes were noted and
photographed. In all, 24 reaction conditions were investigated. Resulting
suspensions were characterized by UV−vis absorbance, transmission
electron microscopy (TEM), dynamic light scattering (DLS), and electro-
phoretic mobility (EPM) after 24 h and repeated at three months.
NP Suspension Characterization. TEM grids were prepared

onto 400 Cu mesh holey carbon film grids (Agar) with samples diluted
10 fold with UHP water to improve particle coverage on the TEM
grid, and then 10 μL was dropped onto the grid and then left to dry
fully under ambient conditions. Particles were imaged under a 200 keV
field emission (FEI) beam using a Philips Technai F20 TEM fitted with
Gatan TV Camera, Oxford ISIS EDX, and Gatan digi PEELS detectors.
The imaging areas on TEM were randomly selected and then pro-

cessed using Gatan DM software, and particle size was derived from all
collected images from one or two TEM grids and plotted as histo-
grams. To minimize subjectivity, all particles in the randomly selected
frames were included, unless they were either touching the edge of the
frame or where a particle could not be distinguished from its neighbor.
In total, 2314 particles were measured with an average of about 100
particles for each suspension (Table 1). Standard deviations from
TEM are reported from the mean of all particles counted (e.g., ∼100
particles per sample).

Hydrodynamic diameter (Hd) (nm) of the suspension was deter-
mined by dynamic light scattering (DLS) (Nanosizer, Malvern Instru-
ments) and reported as z-averages and polydispersity index (PDI) of the
samples. DLS measurement errors were reported as standard deviations of
at least three measurements. Electrophoretic mobility (EPM) (Nanosizer,
Malvern Instruments) of the suspensions was also determined. Surface
plasmon resonance (SPR) was examined using UV−vis (WMA,
Lightwave) light absorbance spectra 200−800 nm.

Statistical Analysis. Statistical information on particle size
obtained from TEM images was obtained for comparison by reducing
agent, NOM type, and NOM concentration. Histograms were created
using Microsoft Excel, and descriptive statistics (standard error (SE),
median, mode, st. dev., variance, range distribution, and confidence
interval) for TEM particle size were derived from Sigma Plot (Systat Inc.)
software. DLS z-average particle size data, used to highlight suspension
change and stability on data recorded at 24 h and 3 months, were
analyzed using t-tests (p = 0.05) or a Mann−Whitney test where data
were not normally distributed (Sigma Plot, Systat Inc.).

■ RESULTS

Suspension Color. Most samples displayed a change in
suspension color after adding the reducing agent, which
indicated that a reaction had taken place, with possible NP
formation. The time taken for the color change to stabilize
varied between samples. In particular, there was a notable
difference between reducing agents, where silver ion reduction
by AA took longer (1−2 h) than NaBH4 (1−2 min). AA reduc-
tion produced a greater number of suspensions with an opaque
appearance. Yellow suspensions were consistent with silver NPs
produced elsewhere using synthetic methods.35,36 Other colors
produced, as indicated by Figure 1, ranged from colorless to
yellow, black, brown, and blue, where a blue color is suggestive
of the formation of nonsymmetrical NPs37 and a brown color is
suggestive of NP−HS interactions or other HS behavior. The
observed blue suspension, shown in Figure 1e, resulted from
the NaBH4 reduction with PHA at a concentration of 10 mg L−1,
and from TEM, some other shapes were observed, for
example, blue suspensions have been linked by Mock et al.38

to the presence of triangles. Observable color change was not
seen in the suspensions produced for the polysaccharide (PS)
in the majority of cases, with the exception of the more con-
centrated 100 mg L−1 PS that turned yellow. Color intensity
generally increased with high NOM concentrations with the
exception of the HA and ascorbic acid reactions. Although the
humics may influence the suspension color, final suspensions
always resulted in darker coloration than the initial reagents.
Higher spectral absorbency readings at λ ∼ 254 nm were recorded
with higher NOM concentrations as expected for HS.35 In
contrast, the colorless PS suspensions showed negligible
absorbance at λ ∼ 254 nm.

Surface Plasmon Resonance (SPR). The UV−vis absor-
bance spectra (λ 200−800 nm) of the Ag/NOM suspensions
showed broad nonsymmetric peaks in general (Figure S1,
Supporting Information), unlike the sharp clean peaks often
seen with citrate produced AgNPs, where broad spectrum
peaks were likely due to sample (poly)dispersity and absor-
bance interference from NOM and changes in the refractive
index. Those suspensions that resulted in yellow or light brown
(e.g., all Ag/HA; Ag/FA 1 and 10 mg L−1; Ag/PHA 1 mg L−1,
and Ag/PS 100 mg L−1) gave peaks around λmax 400 nm
indicative of Ag NP formation35 (Figure S1, Supporting
Information). The blue suspension (Ag/PHA 10 mg L−1)
showed absorbance peaks at longer wavelengths, around 600−
700 nm, indicative of shape and other factors such as refractive
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index, symmetry, and interference of the dipole oscillation.37−39

The colorless PS suspensions did not reveal any SPR
absorbance peaks.
Particle Size. Analysis was performed at 24 h by dynamic

light scattering (DLS, z-average) in triplicate, TEM (particle
core size), and a polydispersity index (PDI) from DLS (Table 1).
Each is reviewed below. According to the DLS z-average, when
particle size was examined by NOM type, PHA (72 nm (mean) ±
67 nm (st. dev.)) gave the smallest particle size with PS
giving the largest z-average (923 ± 206 nm) providing a size
order of PHA < HA = FA < PS (unpaired 2-tailed t-test p <
0.05). When this data was examined in terms of NOM con-
centration, the largest particle size was from using 1 mg L−1

(522 ± 773 nm), then 10 mg L−1 (156 ± 1615 nm), and then
100 mg L−1 (195 ± 81 nm), so smallest to largest is 10 < 100 <
1 mg L−1 (unpaired 2-tailed t-test, p < 0.05) When reducing agent
conditions were compared, AA z-average was 218 nm compared
to NaBH4 with 327 nm (unpaired one-tailed t-test p < 0.05).
TEM size analysis showed that for NOM concentration,

10 mg L−1 overall gave the lowest core particle size (16.5 ±
21.1 nm), followed by 100 mg L−1 (19 ± 32 nm), and then
1 mg L−1 (25 ± 36 nm); therefore, smallest to largest is 10 < 100 <
1 mg L−1 (2-tailed t-tests, 1 vs 10 and 1 vs 100, p < 0.05, 10 vs
100, p = 0.052). Sample variance (distance from the mean, var.)
also followed this trend with the 10 mg L−1 (var. = 443) displaying

lowest variance, and 1 mg L−1 (var. = 1320) showing that the
10 mg L−1 had less polydispersity than the 1 mg L−1 NOM
concentration. Standard deviations were higher than the means
in all cases. Particle size ranges were similar for 1 and 10 mg L−1

(range = 186 and 205 nm) with 100 mg L−1 (range = 318 nm)
having largest size range and a kurtosis of 44 nm indicating an
even particle size distribution (polydisperse). Increasing the
concentration of capping agent has been seen to decrease
particles size and improve monodispersity.40,41 However, fur-
ther increases in capping agent may increase particle size41 by
production of large aggregates from the coalescence of
destabilized particles.42

For NOM type by TEM, smaller sizes were achieved with PS
(13.3 ± 13.4 nm) and FA (13.6 ± 10 nm), but HA (34 ±
43 nm) gave the largest particle size. Particle size for HA was
normally distributed (e.g., kurtosis = 1.6, skewness = 1.7),
whereas other NOM types showed non-normal distributions
indicated by higher kurtosis (>12). Size range was smaller for
FA (range = 94 nm, var. = 100 nm) and PS (range = 97 nm, var. =
180 nm) and greater for PHA (range = 303 nm, var. = 1060 nm).
TEM particle size when compared by reducing agent type

(AA vs NaBH4, t-test p < 0.05) was generally smaller for NaBH4
(15.2 ± 12.1 nm) than AA (30 ± 47.3 nm) suspensions, where
AA also displayed greater variability in particle size range
(range = 318, var. = 2241 nm) compared to NaBH4 (range =
97, var. = 145 nm). However, median and mode values were
smaller than the AA mean (median = 10.5 nm, mode = 10.4 nm)
indicating longer tailing but similar to NaBH4 mean values
(median = 12.2, mode = 13.3). Distribution was near normal
for the two data sets. Kurtosis was 9.4 for NaBH4 and 8 for AA
indicating some peak broadness and slight one-sided tailing,
and skewness was 2.5 for NaBH4 and 2.6 for AA.
Comparison of the z-average and TEM core means of the reac-

tions conditions correlated reasonably well, r2 = 0.563 (TEM = y;
DLS = x; y = 0.021x + 14.17) (Figure S3, Supporting Information),
where DLS z-averages were larger than TEM core values.

Electrophoretic Mobility (EPM) and Zeta (ζ) Potential.
EPM values were negative for all suspensions ranging from
−0.12 to −4.78 × 10−8 m2 V−1 s−1 (ζ = −1.74 to −67.38 mV)
(Figure 6), with suspension Ag/PS 100 mg L−1 reduced with
NaBH4 being most negative, and FA 100 mg L−1 reduced with
NaBH4 least negative. In general, better stability is achieved
from suspensions that give EPM values greater than ± 2.5 ×
10−8 m2 V−1 s−1 (ζ > ± 30 mV) due to increased particle−
particle repulsion. A number of samples in this work had EPM
values greater than −2.5 × 10−8 m2 V−1, indicating stability;
however, samples with lower negative charge may also be able
to achieve stability through steric stabilization.

Morphology. TEM micrographs of Ag/PHA, Ag/FA,
Ag/PS (Figure 2a−f), Ag/HA with NaBH4 (Figure 3a−c),
and Ag/HA with AA (Figure 4a−c) showed the presence of
many dispersed particles. In other suspensions (Ag/FA 10 mg L−1

and Ag/PHA 10 mg L−1 with AA), TEM examination
revealed that substantial agglomeration had occurred between
the Ag and NOM, and these are not presented here. PHA
displayed an apparently looser binding that connected several
NPs and was not exclusive to a single NP (e.g., Figure 2b).
Differences in ligand attachment were seen when PS was used.
TEM revealed 1−2 nm particles suspended in the mesh of the
PS (Figure 2e), and these particles were too small to be repre-
sented in SPR absorbance spectra. Larger NPs and aggregates
were also seen to be covered in a thick film of PS as a layer
observed in 2-D at the particle surface (Figure 2f). In addition,

Figure 1. Silver NPs synthesized with NOM 1,10, and 100 mg L−1

(left to right): (A) HA and NaBH4, (B) HA with ascorbic acid, (c) FA
with NaBH4, (d) FA with ascorbic acid, (E) PHA with NaBH4, (F)
PHA with ascorbic acid, (G) PS with NaBH4, and (H) PS with
ascorbic acid. Photographs imaged with a digital Panasonic Lumix FX
33 camera.
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larger spherical agglomerated structures of around ∼100 nm
were observed (Figure 4a) when using low HA concentrations
and AA. NPs produced from PS revealed a small TEM core size
but gave very large z-averages; this may be due to the inclusion
of the PS molecule in the DLS measurement.

■ DISCUSSION
Most reactions produced a color change, and yellow sus-
pensions typically result where spherical AgNPs are produced.
In this work, from TEM examination, it was evident that nano-
sized particles were present in all AgNPs suspensions con-
taining NOM, at all concentrations, and from both reducing
agents despite final color. Of the 24 reactions, four suspensions
turned yellow; these together gave a mean TEM particle size
of 19 nm and a mean z-average of 136 nm, which agrees with
size for yellow suspensions from other reported synthesis
methods.18 In addition, many of these reported yellow AgNPs
suspensions of around 10−15 nm with spherical NPs also tend
to exhibit (SPR) absorbance around λmax 390 nm.43 Some
suspensions produced in this work displayed a non-yellow color
but also had particle means of <20 nm (TEM). The observed
non-yellow color is likely to result from modifications in SPR
due to NOM attachment at the AgNP’s surface.44 However, the
relationship between size and color appears to be less clear cut

when applied to nonsymmetrical particles38 or agglomeration
and presence of larger particle size.43,45

TEM images showed that particles were formed in all reac-
tions containing PS and revealed evidence of very small particles
of about 1−2 nm nested within a matrix of PS. A few of the PS
suspensions remained colorless even after the reducing agent had
been added; these colorless PS suspensions also revealed an
absence of well-defined SPR bands. According to the Mie theory,
SPR peaks are likely to be absent for particles less than 2 nm or
greater than 50 nm45 due to the discrete electronic states of
the molecular clusters in very small particles, and the inability
for larger NPs to polarize light.45 The fact that NPs could
be synthesized within an organic polymer gel such as the
exopolysaccharide succinoglycan used here opens up interesting
future research opportunities.
Variations and peak broadness in SPR absorbance spectra

observed with the NPs in this work may be attributed to optical
interferences occurring at the NP surface either from the NOM
itself, its attachment, or associated functional groups. Ligands
attached to NP surfaces have also been found to alter SPR peak
sharpness to varying degrees,43 and interferences from NOM
gave rounded and nonsymmetrical SPR spectral peaks anal-
ogous as to those observed by Akaighe et al.23 for HA-capped
AgNPs and Dos Santos et al.33 with FA and Au NPs. This
supports the results presented in this paper where peaks in the
SPR spectra were either broadly defined or absent, despite the
presence of small particles from TEM examination.
Some suspensions also revealed absorbance around λ 250 nm,

which was evident in AA suspensions and absent in suspensions

Figure 3. TEM images and particle size representations of TEM
(histogram) for silver nanoparticles synthesized with humic acid and a
sodium borohydride reduction, where the humic acid concentrations
are (a) 1, (b) 10, and (c) 100 mg L−1.

Figure 2. Transmission electron micrographs of silver nanoparticles
produced using different NOM capping agents and reduced using
either ascorbic acid (AA) or sodium borohydride (NaBH4): (a) peat
humic acid 10 mg L−1 with NaBH4, (b) peat humic acid 100 mg L−1

with AA, (c) Suwannee River fulvic acid 1 mg L−1 with NaBH4, (d)
Suwannee River fulvic acid 10 mg L−1 with NaBH4, (e) polysaccharide
100 mg L−1 with NaBH4, and (f) polysaccharide 100 mg L−1 with
NaBH4 showing thick film attached to silver particle.
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with NaBH4. While this could be attributed to humics alone
(Abs λ 254 nm), the peak was also present in PS suspensions.
Analysis of a pure AA solution revealed absorbance at λmax 250 nm
not present from a similar pure solution of NaBH4

41 suggesting
that the peak was from the AA in our samples. Its absence after
3 months implies that the reaction was incomplete at 24 h, and
its reduction was probably due to the continual breakdown of
the AA product to other chemical species.46

Particles reduced with AA were larger, although not sig-
nificantly, than those AgNPs reduced with NaBH4, with a
greater particle size range (compare Figure 3 to Figure 4). Ag
NPs made through AA reductions have been reported to have a
slower growth process and are often used with capping agents
of higher molecular weight.14,47,48 Reduction of absorbance at λ
250 nm on remeasurement at 3 months supports the slower
reaction time, which may in itself promote larger and wider
ranges of particle sizes. This indication toward longer reaction
times of the AA to reach stability may be evident from its
reaction with silver nitrate. Described by Stathis,46 the reaction,
eq 1, demonstrates the final production of nitric acid, which
may in turn affect localized pH change at NP surfaces, promoting
instability and the potential toward silver dissolution to Ag+.

+ → + +2AgNO C H O 2Ag C H O 2HNO3 6 8 6 6 6 6 3 (1)

The role that NOM plays in this equation is unknown, but
NOM may provide the AgNP surface with protection against
HNO3. It is noteworthy that NP synthesis methods in the
literature that employ AA as a reagent also use ligands of high
molecular weight.14,47,48 In comparison, the exact nature of the
reaction with borohydride is unclear from the literature as

borohydride dissociates in water prior to contact with the silver
ion with the slow release of H2 gas bubbles.

18

Given the borohydride dissociation, emphasis can be placed
on the importance of using only freshly made solutions to
reduce Ag+ ions. Furthermore, the formation of NPs may
depend on the rate of addition of the reducing agent to the
Ag+,41 while others have found the reaction to be affected by
pH.47 Freshly made suspensions also require being left for 24 h
for reactions to complete in order to “age”.41

As postulated by Pal et al.,49 eq 2 shows that the NaBH4
reaction with silver nitrate results in a production of hydrogen
gas and boric acid, a weaker acid (Ka = 5.8 × 10−10) compared
to nitric acid (Ka = 2.4).

+ +

→ + + +

2AgNO 2NaBH 6H O

2Ag 2NaNO 2H BO 7H
3 4 2

3 3 3 2 (2)

It is unlikely that in the absence of a capping agent, NPs
would be able to remain in suspension under the conditions of
eq 1 given the nitric acid byproduct and tendency to aggregate.
Uncertainties also exist in the effect of nitric acid on the NP
surface causing localized lowering of pH. In the reaction
involving borohydride, a capping agent is again necessary to
prevent the BH4

− ion sorbing to the silver particles’ surface and
reoxidizing the Ag.49

The most likely mechanism of NOM attachment to Ag0 NP’s
surface is through its functional groups. One such group pres-
ent in humic substances, but not PS, is thiol, which is known
have a strong affinity for silver. In our experiments, NOM
bonding to silver may have occurred prior to NP formation
because the AgNO3 and NOM was premixed (24 h) before the
introduction of either reducing agent. Other possible bonding
mechanisms are to oxide and hydroxide layers that may be pres-
ent on the NP’s surface, although our other as yet unpublished
work suggests that such layers do not readily form in aqueous
systems.

NP Suspensions Stability. All suspensions appeared visually
to be identical at 3 months compared to when first made with
no obvious signs of color loss or formation of sediments after
storage at +4 °C in the dark. Figure 5 shows the change in
particle size of the Ag/NOM NPs for all conditions at T = 24 h
and T = 3 months for SPR and z-average. The NaBH4 AgNPs
suspensions showed less reduction in SPR absorbance (Figure 5,
compare Figures S1 and Figure S2, Supporting Information)
than AA, over time indicating greater stability. DLS measure-
ments at T = 24 h and T = 3 months from Table 1 show that
seven suspensions were identified as having no change in
particle size (p < 0.05) over time that demonstrates suspension
stability. Two of these seven suspensions were reasonably
monodisperse Ag/HA 10 mg L−1 with NaBH4 and Ag/PHA
10 mg L−1 with NaBH4. Observed particle size increase indi-
cates that growth, through aggregation, has occurred. Particle
size decrease, on the other hand, can signify particle removal
through sedimentation.
Cumberland and Lead35 showed that additions of NOM to

citrate AgNPs improved stability at pH 5 and 8 and increased
ionic strength in the presence of calcium, compared to citrate
only capped AgNPs. It is therefore likely that pure NOM AgNPs
will behave similarly. The difference between the particles made
here and those covered in citrate and then exposed to NOM
later demonstrate that this method enables NOM-facilitated
stabilization of AgNPs from a direct exposure of Ag to humics

Figure 4. TEM images and particle size representations of TEM
(histogram) for silver nanoparticles synthesized with humic acid and
an ascorbic acid reduction, where the humic acid concentrations are
(a) 1, (b) 10, and (c) 100 mg L−1.
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using fewer processing steps, thus eliminating the need to
presynthesis NPs prior to adding NOM.
Size Differences between TEM and DLS. Comparisons

in particle size between techniques for the same suspensions
revealed that DLS z-averages were on average larger, by almost
an order of magnitude, than particles size derived from TEM
images (Figure S3, Supporting Information). Variations between
DLS and TEM particle size are not unusual and are legitimately
attributed to the differences in methods employed by each
technique. For instance, DLS obtains its particle size derived
from diffusion coefficients (converted to Hd via the Stokes−
Einstein equation) through backscatter detection from
Brownian motion.50−52,48−50 DLS is also particularly sensitive
to small amounts of large particles either from aggregation,
bridging, larger Ag particles, or contamination;53 inclusion of
surface bound NOM coatings and could also include
measurement of free NOM unbound to AgNPs53,54 thus
increasing the size of the DLS Hd. TEM on the other hand is a
direct measurement of the particle’s core, which is often visibly
absent of any particle coatings, although if humic matter is
present it can be partially visible under the electron beam.
Good agreement occurs between DLS and TEM for particles
when they are monodispersed, monomodal, unaggregated, and
without capping agents that are of substantial size.
Electrophoretic Mobility. There was no overall consis-

tency for EPM for a given NOM type for individual measure-
ments (Figure 6). However, there was an inverse correlation
between mean TEM and EPM values (r2 = 0.96) by NOM
type, indicating that NOM type was more influential than
NOM concentration or reducing agent type, with humic acid
having the most negative value (EPM = 2.82 × 10−8 m2 V−1 s−1;
ζ = −39 mV). The most stable AgNP was synthesized
with 10 ppm HA with NaBH4 and also had a high ζ value.

Others have also found a correlation between high ζ and small
particle size, which occurs when the particles are statically or
charge stabilized, and thus stability is affected by pH and ionic
strength. In this case, the NOM is affecting the measurement,
and the true slipping value cannot be achieved. The results here
indicate that stabilization was achieved by electrosteric
stabilization rather than simply electrostatically, although some
negative charge from the NOM types used here will also influence
stability.

Suitability for Nanotoxicity Study. In order to more fully
understand NP toxicity, it is important to understand, among
other things, whether toxicity arises from small particle size,
dissolution, surface properties, particle aggregation, or reaction
with biological test media. Nanoparticles considered suitable
for applying to nanoparticle toxicology and eco-toxicological
studies are ideally required to fall within certain criteria: narrow
particle size range with a number of particle sizes available,
nontoxic capping agent, particle stability at neutral pH, and
higher ionic strength. NOM has been shown to be good at
stabilizing NPs over a range of pH and ionic strengths with
synthetically capped silver nanoparticles.32 Having test
materials that comply with the above criteria will help increase
the current knowledge to further provide information about
the mechanisms and drivers that cause NP toxicity and bio-
availability following exposure. The nanoparticles synthesized
in this work show potential in this area. The most stable and
monodisperse nanoparticle suspension in this study was
determined to be Ag HA 10 mg L−1 reduced using NaBH4.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures S1 and S2, which show the UV−vis absorbance SPR
plots of the silver nanoparticles suspensions at T = 24 h and
T = 3 months. Figure S3 is a correlation plot between means of

Figure 6. Top (A, i; B, i) DLS z-average(nm) and bottom (A, ii; B, ii)
electrophoretic mobility (10−8 m2 V−1 s−1) for left (A, i; A, ii) sodium
borohydride and right (B, i; B, ii) ascorbic acid. Error bars are standard
deviations.

Figure 5. HA/AgNPs (1, 10, and 100 mg L−1 HA) made with (a)
NaBH4 and (b) ascorbic acid, measured at 24 h and 3 months for
suspensions particle size by DLS. Inserts (a, i−iii) and (b, i−iii) are the
SPR absorbance graphs recorded at 24 h and 3 months for each HA
concentration (1, 10, 100 mg L−1), respectively.
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DLS- and TEM-derived particle size by experimental condition.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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