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A B S T R AC T

Many organic micropollutants have recently been identifi ed in natural water sources and 
treated drinking water. Often, these compounds are not successfully degraded or removed 
by current water treatment processes. There is an increasing interest in developing new water 
treatment technologies based on catalytic nanoparticles to take advantage of enhanced particle 
reactivity at the nanoscale. Our current research focuses on the development and character-
ization of zero valent iron (ZVI) nanoparticles to improve nanoparticle design and enhance 
particle reactivity. The focus of this study was to evaluate two different iron salts as starting 
materials and to evaluate three different carboxymethyl cellulose stabilizers. The stabilizers 
were evaluated for their ability to stabilize ZVI nanoparticles during synthesis and to produce 
dispersed nanoparticles with narrow size distributions. Nanoparticles with a modal particle 
diameter of less than 50 nm were obtained. Particles were characterized using electron micros-
copy, dynamic light scattering, thermogravimetric analysis, and zeta potential.
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valent iron; Stabilizer; Nanoparticle synthesis

1. Introduction

As an increasing number of micropollutants includ-
ing pharmaceuticals, personal care products, industrial 
chemicals, and disinfection by-products are identifi ed 
in drinking water sources, water treatment technolo-
gies must be developed to target and remove these com-
pounds. A promising area of research within membrane 
fi ltration is the development of new membrane materials 
based on composite polymer-particle systems. Nanosized 
particles are of particular interest due to the enhance-
ment in surface reactivity that occurs as the particle size 
decreases. Studies have shown that the large increase in 
the surface-area-to-volume ratio of nanoparticles causes 
changes to particle properties such as surface energy, 

magnetism, and reactivity [1,2]. A review of size-dependent
nanoparticle properties revealed that there may be a 
threshold (30 nm to 40 nm particle diameter) above which 
nanosized particles behave similarly to micrometer-sized 
particles, rather than display unique behaviors [3].

Iron-based catalytic nanoparticles have been shown 
to catalyze oxidative or reductive degradation of organic 
water contaminants [4–7]. The form of iron typically used is 
zero valent iron (ZVI). As a reductive system, ZVI nanopar-
ticles have been used to successfully degrade compounds 
such as trichloroethylene by replacing all three chlorine 
atoms with hydrogen [8]. The ultimate goal of developing 
these nanoparticle systems is to incorporate the nanopar-
ticles into membrane matrices to create active membrane 
systems that both degrade and fi lter out water contami-
nants [9]. However, some of the challenges in developing 
nanoparticles for the treatment of water contaminants are 
to control the particle size distribution, limit particle aggre-
gation, and increase particle reactivity. This requires stabi-
lization of the particle surface during synthesis.

1Contribution of NIST, an agency of the US government; not 
subject to copyright in the United States.
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The use of different starting materials (stabilizers and 
iron salts), along with thorough characterization of stabi-
lized nanoparticles, are necessary to understand how the 
stabilizers affect particle aggregation and size, as well as 
to guide the design of nanoparticle treatment systems. 
Several iron salts have been used to make ZVI nanopar-
ticles, and there appear to be differences in iron-stabilizer 
complexation, particle stability, and crystallinity [10,11]. 
A variety of organic compounds have been tested as 
stabilizers, including humic acid, surfactants, and 
glucose-based polymers such as starch and carboxy-
methyl cellulose (CMC) [12–16]. In particular, CMC 
compounds have been shown to impart improved par-
ticle stability due to the presence of carboxyl functional 
groups in addition to hydroxyl groups already present 
in cellulose. Degradation studies performed on unsta-
bilized and CMC-stabilized ZVI nanoparticles strongly 
suggest that CMC stabilization increases nanoparticle 
reactivity and therefore contaminant degradation [16].

In this study, the objective was to evaluate ferrous 
sulfate (FeSO4*7H2O) and ferric chloride (FeCl3) as 
sources of iron for particle synthesis, as well as evalu-
ate three CMC compounds with varying degrees of sub-
stitution of the carboxyl functional group. Particle size, 
composition, and morphology were characterized by 
electron microscopy, dynamic light scattering, thermo-
gravimetric analysis, and zeta potential.

2. Materials and methods2

2.1. Chemicals

All chemicals used were American Chemical Soci-
ety (ACS) reagent grade. Ferrous sulfate (FeSO4*7H2O), 
ferric chloride (anhydrous FeCl3), sodium borohydride 
(NaBH4), and carboxymethyl cellulose (CMC) were pur-
chased and used as received. Three CMC compounds 
with a molecular weight of 250,000 g/mole were tested; 
the degrees of substitution were 0.7, 0.9, and 1.2. All 
solutions were made with purifi ed and deionized water.

2.2. Nanoparticle preparation

The nanoparticle synthesis method was based on 
the work of He and Zhao [13]. All synthesis reactions 
were performed in a glass round bottom fl ask, and mix-
ing was achieved with an orbital shaker at 100 rpm. For 
unstabilized nanoparticles, a solution of 1 g/l iron (5.0 g/l 

FeSO4*7H2O or 2.9 g/l FeCl3) was fl ushed with argon for 
at least 10 min. Particle synthesis was initiated by add-
ing NaBH4 dropwise while mixing by hand. Due to the 
competing reaction between BH4

− and water, NaBH4 was 
added in slight (10%) excess of the stoichiometric require-
ment (BH4:Fe molar ratio of 2:1 for FeSO4*7H2O or 3:1 
for FeCl3) for complete reaction of the iron. After NaBH4 
addition, the solution was mixed under vacuum until the 
reaction fi nished (when the evolution of H2(g) ceased). The 
particles produced by the reaction are assumed to be pri-
marily zero valent iron, based on previous work [10,12,17]. 
Excess dissolved salt was removed by centrifuging the 
particle solution, removing the supernatant, and replacing 
the supernatant with purifi ed and deionized water (two 
washes). Samples were dried under vacuum at room tem-
perature. For stabilized particles, the same procedure was 
used, except that the initial solution of 1 g/l iron included 
the desired amount of stabilizer (CMC). CMC was tested 
at ratios of 0.0001 to 0.001 mole CMC:mole Fe.

2.3. Characterization techniques

Thermogravimetric analysis (TGA) was performed 
on a TGA Q5000 (TA Instruments, New Castle, DE). 
Samples were washed, deposited on silicon wafers, 
dried, and measured in ceramic sample pans. Each 
sample was heated from 40°C to 800°C at a rate of 
10°C/min. The balance purge fl ow was 10 ml/min N2, 
and the sample purge fl ow was 25 ml/min air.

Particle size and zeta potential measurements and 
titrations were performed on a Zetasizer Nano ZS (Mal-
vern Instruments, Westborough, MA) using noninvasive 
backscatter (NIBS) detection at 173o. This instrument 
uses Mie theory to correlate particle size from the inten-
sity of the light scattered from the particles; the use of 
Mie theory rather than the Fraunhofer approximation 
allows more accurate measurement of particle size in 
the nanometer range. At least 10 separate measurements 
were taken on each sample for both particle size and zeta 
potential; particle size and zeta potential measurements 
were taken as point measurements directly following 
particle synthesis without washing or pH adjustment, 
and results were repeatable from sample to sample 
except where noted. The pH was measured following 
each synthesis, and all solutions had pH values between 
8.5 and 9.0. All titrations were performed starting at 
pH 2 and increasing to pH 12 with 0.1 × 10−3 mol/m3

and 0.025 × 10−3 mol/m3 NaOH. Samples were measured 
directly following synthesis without the washing or 
drying procedures mentioned above. Samples were 
diluted 1:20 with water and fi ltered with a 0.2 μm poly-
ethersulfone syringe fi lter before measurement.

Particles were also characterized with fi eld emission 
scanning electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM). For both FESEM and 

2Commercial equipment, instrument, or materials are iden-
tifi ed only in order to adequately specify certain procedures. 
In no case does such identifi cation imply recommendation 
or endorsement by the National Institute of Standards and 
Technology, nor does it imply that the products identifi ed 
are necessarily the best available for the purpose.
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 TEM images, samples were centrifuged and washed 
with purifi ed water to remove excess salt and were 
dropcast on either copper grids (TEM) or silicon wafers 
(FESEM). Particle composition was analyzed by energy 
dispersive x-ray (EDX) analysis.

3. Results and discussion

Unstabilized nanoparticle samples made from each 
of the two iron salts, FeSO4*7H2O or FeCl3, were observed 
with both FESEM and TEM. Results are shown in Fig. 1. 
Syntheses with both of the iron salts resulted in a mix 
of spherical nano-sized particles and elongated crystal 
structures, and no major differences in particle or crystal 
morphology were observed between the two synthe-
ses. Two distinct particle size populations were visible 
(Fig. 1b), and the larger spherical nanoparticles formed 
chains (Figs. 1a and b). The larger nanoparticles were 
approximately 100 nm in diameter, while the smaller 
particles were 5 nm to 10 nm in diameter (Fig. 1d). Some 
lattice fringes were visible in TEM images, and diffrac-
tion patterns were obtained from the small particles, 

indicating that the particles are likely to be crystalline. In 
high-resolution TEM images, the elongated crystals had 
a core-shell structure with visible lattice fringes (Fig. 1c). 
EDX analysis of both the crystals and the nanoparticles 
indicated that the crystals contained more than twice the 
mass of oxygen (by weight %) than the spherical parti-
cles. The EDX data also confi rmed that the particles and 
crystals were composed primarily of iron, with little to 
no residual sodium, chloride, or sulfate. While the larger 
nanoparticles were observed to form particle chains for 
both iron salts (results for the larger nanoparticle pop-
ulation from a FeCl3 synthesis not shown), the smaller 
size population (at 5 nm to 10 nm) did not form visible 
chains, but rather formed irregular aggregates. This 
result can be seen for both iron salts in Figs. 1e and f.

Washed samples stabilized by CMC are shown in 
Fig. 2 for both iron salts. The particles from each sample 
were spherical, with some polymer visible surrounding 
and in between the dispersed particles. Elongated crys-
tals were also present after particle synthesis. The par-
ticles synthesized from FeSO4*7H2O (Fig. 2a) were quite 
uniform in size and shape and appeared to be separate 
and stabilized. However, the particles synthesized from 
FeCl3 (Fig. 2b), once washed, aggregated and formed 
chains, similar to those observed in Figs. 1a and b for the 
unstabilized particles. When SEM images were obtained 
for unwashed samples (images not shown), much more 
polymer was visible around the particles, but in this 
case, FeSO4*7H2O-synthesized particles also appeared 
to be stabilized while FeCl3-stabilized particles appeared 
to form globular agglomerates with the polymer. Wash-
ing the particles appears to remove excess polymer in 
both samples, but the stabilization effect of CMC on the 
iron nanoparticles is limited for those synthesized from 
FeCl3.

Before synthesis, when the iron salt was added to 
the CMC aqueous solution, the ferrous salt formed a 
clear, dissolved solution, while the ferric salt formed a 
colloidal, yellow precipitate. When sodium borohydride 
was added to reduce the iron and precipitate particles, 

Fig. 1. FESEM and TEM images of ZVI nanoparticles syn-
thesized without CMC stabilizer. Nanoparticles were made 
with (a & b) FeSO4*7H2O (FESEM images) or (c & d) anhy-
drous FeCl3 (TEM images). Lower resolution TEM images 
show characteristic aggregation of unstabilized nanopar-
ticles for both iron starting materials (e) FeSO4*7H2O and 
(f) FeCl3. For both starting materials, spherical particles of 
two size populations and elongated crystals formed. Elon-
gated crystals and small spherical particles displayed lattice 
fringes in TEM imaging. TEM scale bars are all 10 nm (c–f).

Fig. 2. FESEM images of ZVI nanoparticles and associated 
CMC (0.7 degree of substitution, 0.0005 mole CMC:mole Fe) 
polymer for (a) FeSO4*7H2O or (b) anhydrous FeCl3 as start-
ing materials. Both iron salt starting materials resulted in 
similar observed particle size populations, but the ferrous 
salt allowed the formation of a more well-dispersed sample, 
with little particle aggregation, as compared to the ferric salt.
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the ferrous salt solution formed a black, well-dispersed 
solution, with no individual particles or aggregates visi-
ble. This solution had minimal observable settling of the 
particle suspension over several weeks. In contrast, the 
ferric salt solution, when precipitated, formed a black, 
globular, colloidal suspension that settled within several 
hours.

Thermogravimetric analysis was used to determine 
whether stabilizer remained coordinated with the 
nanoparticles after washing and centrifuging, as well 
as to evaluate the effect of the stabilizer on the oxida-
tion profi le of the nanoparticles. Results are shown in 
Fig. 3. A representative oxidation profi le for CMC is 
shown in Fig. 3a for a 0.9 degree of substitution. All 
three CMC stabilizers tested resulted in similar but 
unique profi les. All three compounds had three suc-
cessive decreases in sample weight as temperature 
increased. The maximum weight change of the fi rst 
slope was similar for the three CMC compounds at 
283.2°C ± 2.7°C, with a secondary maximum at 262.2°C 
± 5.2°C. For 0.7 degree and 0.9 degree of substitution, 
the second mass loss included two nondistinct maxima 
at average temperatures of 365.5°C ± 1.5°C and 406.6°C 
± 2.7°C, and the third mass loss included two to three 
maxima between 480oC and 530°C. The CMC with a 1.2 
degree of substitution had a second loss of mass with 
a maximum weight change at approximately 380°C 
and a third mass loss with several maxima between 
560°C and 630°C. The specifi c maxima obtained in the 
third region of mass loss varied from sample to sample 
but the temperature range remained constant. The 
weight losses of the CMC stabilizers were 80.3% ± 
3.7%, 74.7% ± 1.4%, and 68.8% ± 1.2% for 0.7, 0.9, and 
1.2 degrees of substitution, respectively.

The oxidation of unstabilized iron nanoparticles 
(from FeSO4*7H2O) is clearly visible in the weight change 
profi le (Fig. 3b); the oxidation starts at 450oC and ends 
at 585oC, with the maximum weight change occurring 
at approximately 500oC. There is a secondary maximum 
at 545oC. Nanoparticles made from FeCl3 resulted in a 
similar profi le, with the primary maximum at 470oC and 
the secondary maximum at 540oC. An average weight 
increase of approximately 33.2% ± 2.0% was observed 
for the unstabilized nanoparticle samples.

The presence of CMC in the nanoparticle samples 
resulted in a decrease in the temperatures of the maxi-
mum weight changes for both iron salts, and the second-
ary maximum occurred at a lower temperature before 
the primary maximum. Nanoparticle oxidation at lower 
temperatures may result from the protective coating 
that CMC provides on the surface of the nanoparticles. 
Unstabilized nanoparticle samples are more likely to 
have a native oxide shell on the surface of the particles 
that would protect the iron core from oxidation, whereas 
stabilized nanoparticles may not form such a shell (or 
as thick of a shell) due to the CMC surface coverage. 
Therefore, as the temperature increases during TGA, 
the CMC is easily removed and exposes an iron metal 
surface amenable to oxidation. When the two iron salts 
are compared, the CMC appeared to have a minimal 
effect on the weight change profi le and overall percent 
weight change of the ferric salt sample, as compared to 
the ferrous salt sample. The decrease in the oxidation 
temperature in the ferric salt nanoparticles was much 
smaller than that observed for the ferrous salt nanopar-
ticles, and the weight change of the ferric salt nanopar-
ticles (32.0% ± 0.6%) was similar to that obtained for the 
unstabilized nanoparticles (33.2% ± 2.0%). In contrast, 

Fig. 3. TGA as change in sample weight (%) for (a) CMC polymer with a 0.9 degree of substitution and for (b) unstabilized ZVI 
nanoparticles from FeSO4*7H2O, CMC stabilized ZVI nanoparticles synthesized from FeSO4*7H2O, and CMC stabilized ZVI 
nanoparticles synthesized from FeCl3. All nanoparticle samples were centrifuged and washed. CMC appears to coordinate 
more strongly with particles made from FeSO4*7H2O, causing greater shifts in oxidation temperatures and mass change.
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 the stabilized ferrous salt nanoparticles had a weight 
change of only 16.2% ± 2.7%, and the oxidation started 
at 200°C and ended at 550oC, with the primary maxi-
mum weight change occurring at 406°C. Weight change 
averages were obtained from at least four separate sam-
ples for each sample type.

The smaller increase in sample mass for the 
FeSO4*7H2O-synthesized particles indicates that there 
was stabilizer still coordinated with the ferrous salt 
nanoparticles, and the loss of the stabilizer through 
oxidation partially negated the increase in mass due 
to iron oxidation. This effect on weight change was 
not observed for the ferric salt nanoparticles, sug-
gesting that little to no stabilizer was still coordinated 
with these nanoparticles after washing. Although it 
is possible that the smaller increase in mass for the 
FeSO4*7H2O-synthesized particles could be due to 
partial oxidation of the sample before TGA, the result 
presented in Fig. 3 was repeatedly obtained for several 
separate samples, and it is more likely that the pres-
ence of CMC would protect the nanoparticles from 
oxidation. For the FeSO4*7H2O sample, the difference 
in mass increase represented by the stabilizer (approxi-
mately 16 wt.% of the sample, or 0.6 g) represents 
approximately 10% of the original mass of stabilizer 
added to the synthesis solution. Therefore, it appears 
that most of the CMC is removed when the particles 
are washed, and a large excess of CMC is necessary 
to produce the small nanoparticles observed. Lower 
ratios of CMC:Fe were not as effective at controlling 
particle size, even though there was still an excess of 
CMC, based on TGA results. The differences in TGA 

observed for FeSO4*7H2O-synthesized particles versus 
FeCl3-synthesized particles further support the SEM 
images in Fig. 2, where FeCl3-synthesized particles are 
aggregated and unstabilized.

Particle size distributions were obtained through 
dynamic light scattering (DLS). A comparison of dis-
tributions for the two iron salts with and without CMC 
stabilizer is shown in Fig. 4 for light scattering inten-
sity and particle volume. Note that the modal particle 
diameters obtained in the volume distributions are 
typically 10% to 15% lower than those obtained from 
the intensity distributions, due to the deconvolution 
algorithm used by the instrument to convert scattering 
intensity into an intensity distribution as a function of 
particle size.

The unstabilized nanoparticle solutions resulted in 
bimodal particle size distributions with one modal par-
ticle diameter around 100 nm and one between 800 nm 
and 2,000 nm. These particle size distributions are simi-
lar for both the intensity and volume distributions, and 
no peaks are observed at particle diameters less than 
50 nm. These results are in contrast to the small particles 
observed in FESEM and TEM images (Fig. 1), and indi-
cate that the unstabilized samples quickly aggregated 
after particle synthesis, so that the smaller particles were 
not detectable by DLS.

When CMC was added to stabilize the nanoparticles, 
the smaller nanoparticles were detectable by dynamic 
light scattering. TEM images (data not shown) confi rmed 
the presence of nanoparticles less than 10 nm in diam-
eter. The two iron salts produced multimodal particle 
size distributions for both light scattering intensity and 

Fig. 4. Particle size distributions from dynamic light scattering obtained for (a) light scattering intensity and (b) particle 
volume for nanoparticles synthesized from FeSO4*7H2O or FeCl3, with or without CMC stabilizer. Square symbols represent 
unstabilized particle samples and circles represent CMC-stabilized particle samples. Stabilized samples contained CMC at a 
molar ratio of 0.0005 CMC:Fe and a 0.7 degree of substitution. The addition of CMC decreased the modal particle diameters 
for both size populations, and results are similar, but not identical, for the two iron salts.
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particle volume distribution. The intensity curves typi-
cally resolved a small particle diameter of less than 10 nm, 
together with one to two modes between 10 and 500 nm. 
The modal particle diameter was typically between 100 
nm and 200 nm, a result that was confi rmed by the par-
ticles observed in FESEM images (Fig. 2). The volume 
distributions (Fig. 4b) for the stabilized particles dif-
fered signifi cantly from the intensity distributions. The 
majority of the particle volume of the stabilized samples 
was in the particle population with a modal diameter 
of less than 10 nm, with a small portion of the par-
ticle volume representing particles greater than 10 nm.
Furthermore, the intensity distribution for the ferric salt 
nanoparticles typically had broad, unresolved peaks, 
while the ferrous salt particles had more well defi ned 
modal diameters. This difference in the particle size 
distributions disappeared in the volume distribution, 
and the two stabilized nanoparticle sample volume dis-
tributions were quite similar. This wide distribution in 
FeCl3 nanoparticle size around the second modal diam-
eter was not observed in FESEM images, and is likely 
a result of excess colloidal CMC measured by DLS as 
part of the sample. DLS measurements of CMC alone 
resulted in unimodal diameters above 1000 nm.

Several different molar ratios of CMC:Fe were tested 
with FeSO4*7H2O in nanoparticle synthesis. A comparison 
of particle size distributions is shown in Fig. 5a. All molar 
ratios resulted in bimodal particle size distributions, 
but the largest ratio of 0.001 resulted in a much smaller 
second mode. The molar ratio of 0.0005 resulted in the 
smallest modal particle diameter (5.3 nm ± 2.5 nm), and 
the molar ratio of 0.001 resulted in a statistically insignifi -

cant increase in the smallest mode. The two lower molar 
ratios of 0.0001 and 0.00025 resulted in an increase in the 
two modal particle diameters, with the smaller modes 
at 17.0 nm ± 2.0 nm and 12.0 nm ± 4.3 nm, respectively. 
These results indicate that, for the ratios tested, a ratio of 
0.0005 was the optimal choice to produce nanoparticles 
with a diameter of less than 10 nm; smaller ratios allowed 
larger particles to form, and the larger ratio of 0.001 did 
not decrease the modal particle diameter further. Future 
degradation studies with representative water contami-
nants will indicate if these differences in particle size and 
CMC:Fe ratio affect particle reactivity.

The effect of the degree of carboxyl functional 
group substitution on nanoparticle size was tested, and 
a comparison for the three CMC compounds is shown 
in Fig. 5b. The lowest degree of substitution resulted in 
the smallest modal particle diameter (3.4 nm ± 2.1 nm), 
with 0.9 degree of substitution having a modal particle 
diameter of 7.0 nm ± 1.2 nm and 1.2 degree of substitu-
tion having a modal diameter of 4.5 nm ± 2.8 nm. All 
three types of CMC resulted in bimodal distributions; 
however the CMC with the lowest degree of substitu-
tion had a smaller fraction of the particle volume in the 
second mode. This CMC appears to be the best choice 
in producing the smallest nanoparticles within the con-
ditions tested in this study.

The different molar ratios of CMC:Fe and the differ-
ent types of CMC did not result in differences in sample 
zeta potential. However, there were differences observed 
for the two iron salts and between stabilized and unsta-
bilized nanoparticles. The zeta potential measurements 
of stabilized and unstabilized nanoparticle samples 

Fig. 5. Particle size distributions from dynamic light scattering for FeSO4*7H2O nanoparticle samples with (a) four molar 
ratios of CMC:Fe (0.0001−0.001) and (b) CMC with three different degrees of substitution (DS). All samples in (a) contained 
CMC with a 1.2 degree of substitution. All samples in (b) contained a CMC molar ratio of 0.0005. Results are shown as par-
ticle volume %, and differences in modal particle diameter illustrate the effect of CMC concentration and degree of carboxyl 
substitution on particle size.
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synthesized from the two iron salts are compared in 
Fig. 6 as a function of pH. The unstabilized sample syn-
thesized from FeCl3 had a much higher zeta potential at 
pH values below pH 9, but the samples had similar iso-
electric points (IEPs) around pH 9 and quite similar zeta 
potential values at pH values above the IEP. In contrast, 
the stabilized nanoparticle samples shown in Fig. 6a had 
negative zeta potentials throughout the entire pH range 
tested; this shift in zeta potential was likely due to the 
presence of CMC. The carboxyl groups of the stabilizer 
have pKa values less than 4.0, which indicates that most 
of the carboxyl groups were deprotonated over most of 
the pH range tested [18]. Below a pH of 4.0, it is likely that 
some of the carboxyl groups became protonated, which 
resulted in the approach of the zeta potential towards 
zero at pH 2 to 3. The results in Fig. 6a suggest that the 
zeta potential trend for the stabilized nanoparticles 
was similar even though the particles were synthesized 
from different starting iron salts. However, although the 
data were easy to repeat for particles synthesized from 
FeSO4*7H2O, several samples synthesized from FeCl3 
produced drastically different results, as shown in Fig. 6b.
The data for FeCl3 particles that were most similar to 
the FeSO4*7H2O data resulted from a sample that was 
mixed for a longer period (30 min) before the addition of 
sodium borohydride. Shorter mixing periods of 10 min 
to 20 min resulted in zeta potential trends denoted by 
the open and closed triangles in Fig. 6b. The variability 
in zeta potential, along with the results presented above 
for TGA and the colloidal precipitate observed in solu-
tion, strongly suggest that the nanoparticles synthesized 

from FeCl3 do not coordinate well with CMC and do not 
form a stable and well-dispersed aqueous solution.

4. Conclusions

Based on the results of this study, the CMC stabilizer 
produced stable, well-dispersed ZVI nanoparticle solu-
tions when particles are synthesized from FeSO4*7H2O; 
FeCl3-synthesized particles form unstable, colloidal pre-
cipitates. Electron microscopy confi rmed the presence of 
two particle size populations in both stabilized and unsta-
bilized nanoparticle samples, as well as the presence of 
elongated iron crystals; however, the stabilizer kept par-
ticles dispersed, while the unstabilized samples quickly 
aggregated and formed chains of particles, with no smaller 
particles (<50 nm) detectable by dynamic light scattering. 
TGA revealed that little to no CMC remained coordinated 
with ZVI nanoparticles synthesized from FeCl3 after the 
sample was washed. Particle size distributions were largely 
bimodal, and the addition of CMC decreased the modal 
particle diameter of both modes. The smallest modal diam-
eter was obtained for CMC-stabilized particles at a CMC:Fe 
molar ratio of 0.0005 and 0.7 degree of substitution.
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Fig. 6. Measurements of zeta potential for nanoparticle samples made with either FeSO4*7H2O or FeCl3, with and without 
CMC stabilizer. In part (a), zeta potential as a function of pH is compared for both starting materials with and without CMC 
stabilizer. In part (b), the variability of zeta potential measurements is displayed for CMC-stabilized particles made from 
FeCl3. Samples represented by open and closed triangles were mixed for 10 min to 20 min before NaBH4 addition, while open 
circles represent a sample that was mixed for 30 min before NaBH4 addition. This variability is not observed for samples 
made from FeSO4*7H2O. Error bars are displayed for all data points.
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