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Abstract
The selection and comparative study is reported of calibration curves to quantify iron by a simple UV-Vis protocol based on the
formation of iron (III) chloride complexes. The reliability of each calibration curve was evaluated using statistical and analytical
parameters. The robustness of each calibration curve using superparamagnetic iron oxide nanoparticles (SPIONs) of different
sizes and surface functionalization is demonstrated . We have also evaluated the effect of the particle coating and estimated the
minimum time to ensure the full oxidation of iron (II) to (III) in sample solutions. Results fromUV-Vis are comparable with those
obtained from ICP-OES and from other spectroscopic techniques to quantify the iron. We advocate the proposed protocol as a
simple and non-expensive route to determine accurately the iron content in colloidal and nanocomposite iron-based materials.
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Inductively coupled plasma optical emission

Introduction

SPIONs with magnetite (Fe3O4) or maghemite (γ-Fe2O3)
crystal structures have been the focus of many research studies
not only because of their interesting properties—high satura-
tion magnetization at room temperature, low magnetic anisot-
ropy, ease to make and funct ional ize, and good
biocompatibility [1–3] but also for their wide scope of uses
in many sectors from electronics to nanomedicine. Regarding
biomedical applications, multiple examples can be found in
the purification and isolation of proteins [4], in drug and gene
delivery [5], hyperthermia therapy [6, 7], and as a contrast
agents for magnetic resonance imaging (MRI) [8, 9]. Many

chemical and physical properties describing these systems
such as nanoparticle concentration, saturation magnetization,
or specific relaxivity rely on a prior determination of the iron
content [2, 10]. Thus, an accurate, reproducible, and accessi-
ble methodology to quantify iron is needed for a good under-
standing of these properties [10–12].

Themost reliable techniques for iron determination are induc-
tively coupled plasma optical emission (ICP-OES) and
ultraviolet–visible spectroscopy (UV-Vis) [10–12]. Both tech-
niques show accuracy values below 1% with UV-Vis being less
sensitive. Note that the limit of detection (LOD) of iron for these
techniques is LODICP-OES = 2·10

−6 g Fe/l and LODUV-VIS = 3·
10−3 g Fe/l and the limit of quantification (LOQ) is LOQICP-

OES = 7·10
−6 g and Fe/l, LOQUV-VIS = 5·10

−3 g Fe/l [13–15].
Despite the higher LOD and LOQ values for UV-Vis, the tech-
nique offers interesting advantages. It is more economical in
terms of equipment investment and running costs, easier to op-
erate as self-user, and widely accessible in chemistry as well as
materials science and physics labs. Besides, UV-Vis allows the
determination of species with different oxidation states.

The sample preparation to quantify the iron by UV-Vis
typically involves two steps. First, the addition of a concen-
trated acid solution to digest the sample and, second, the ad-
dition of a complexation agent to generate iron complexes that
can be detected and quantified by UV-Vis [10–12]. The main
drawback of using complexation agents is that dispersion of
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values can be encountered due to the poor stability of these
iron complexes. For example, potassium hexacyanoferrate (II)
is a commonly used complexing agent that reacts with iron
(III) yielding Prussian blue with a characteristic peak of
around 600–700 nm [11, 12]. Due to its low solubility in
aqueous media, it destabilizes fast, precipitating and hindering
the reproducibility of the measurement. This can be solved
with the use of an acid that itself forms iron complexes mea-
surable by UV-Vis. A good example is a hydrochloric acid
(HCl); the iron oxide digestion occurs in few minutes gener-
ating iron (III) chloride complexes with a sharp signal in UV-
Vis range. The nature of these complexes depends on the HCl
concentration giving extremely different UV-Vis spectra with
band maxima in the 250–370 nm range [16–19]. Although
these reactions have been already studied [16–19], the opti-
mum HCl concentration for a consistent quantification of iron
is still not well determined.

Here, we show a reliable quantification of iron by a univer-
sal UV-Vis protocol demonstrated by using four SPION col-
loidal dispersion of different sizes functionalized with widely
employed organic molecules (citrate and oleic acid) as well as
iron quantification in a composite of SPIONs attached to bac-
terial cellulose nanofibers. Our methodology is based on the
use of calibration curves from UV-Vis measurements of solu-
tions of iron (III) chloride in a very specific HCl concentration
range (3.7, 4.9, or 9.0 M). Besides, we have determined the
minimum time required to ensure the full oxidation of iron (II)
to (III) and evaluated the effect of organic interferences by
comparing the sample spectra with a master curve for each
HCl concentration. Finally, the robustness of each calibration
curve and the resulting iron concentration was compared with
the values obtained by ICP-OES.

Experimental

Materials

SPIONs were synthesized using iron acetylacetonate (III)
(Sigma-Aldrich, 97%) as a metallic precursor and benzyl al-
cohol (Sharlab, 99%) as an organic solvent. Samples were
stabilized in aqueous or in organic media using trisodium
citrate dihydrate (Sigma-Aldrich, 99%) and oleic acid
(Sigma-Aldrich, 90%), respectively.

For the bacterial cellulose fabrication, the bacterial strain
Komagataeibacter xylinus (K. xylinus) (NCIMB 5346) was
purchased from CECT (Valencia, Spain). The culture media
were prepared using glucose, peptone, yeast extract and agar
(Conda Lab), disodium hydrogen phosphate (Sigma-Aldrich,
99%), and citrate acid monohydrate (Sigma-Aldrich, 99%).
For the cleaning process, a solution of 0.1 M of sodium hy-
droxide (Sigma-Aldrich, ≥ 97%) was used.

For the iron quantification, the following reagents were
used as supplied: iron chloride tetrahydrate (II) (Sigma-
Aldrich, 98%), iron chloride hexahydrate (III) (Sigma-
Aldrich, 99%), hydrochloric acid (Sigma-Aldrich, 37%), and
nitric acid (Panreac, 65%). Milli-Q water (MQ-H2O) was used
in all experiments. All materials were used as-received with-
out further purification.

Fabrication of functionalized SPIONs

Samples were obtained by microwave-assisted synthesis
(MW) in a CEM Discover reactor (Explorer 12-Hybrid) at a
frequency of 2.45 GHz and 300 W of power. Citrate-SPIONs
with a mean size of 6 and 9 nm, labeled S6c and S9c, were
obtained by following previous reports [20, 21]. Bacterial cel-
lulose nanocomposite containing 7 nm SPIONs (S7bc) and
9 nm oleic acid–coated SPIONs (S9oa) were also produced
as previously reported [22, 23].

SPION characterization

Nanoparticle (NP) size and shape were analyzed by using a
JEOL JEM-1210 transmission electron microscope operating at
120 KV. Size distributions were obtained by measuring at least
250 NPs and the resultant histograms were fitted to Gaussian
functions. NP crystallographic phase was identified by selected
area electron diffraction (SAED). Superconductive quantum in-
terference device (SQUID) measurements were recorded on a
magnetometer (Quantum Design MPMS5XL) to determine the
magnetization of the SPIONs. Hysteresis loops were recorded at
300 K under a maximum field of ± 70 kOe. Saturation magneti-
zation (Ms) values were normalized to the magnetic mass deter-
mined by ICP-OES. Zero-field-cooled (ZFC) magnetization
curves were measured from 5 to 300 K with a magnetic field
of 50 Oe.

Quantification of iron in SPIONs

All the preparations were weighted in an analytic balance with
a reproducibility of 0.02 mg ranging from 0 to 50 g to reduce
the uncertainty in measurements.

ICP-OES

With ICP-OES, the iron content of samples was determined
from the average of two independent solutions with an iron
concentration within 15 to 35 mg Fe/l using an ICP-OES
Perkin-Elmer Optima 4300DV. Briefly, 100 μl of a citrate-
SPION solution was digested in 1 ml of HNO3 (65%) under
sonication for 10 min. After that, the mixture was diluted in a
50-ml volumetric flask with MQ-H2O. One milligram of S9oa
or S7bc was digested in 1 ml of HNO3 (65%) under 10 min of
sonication following a similar procedure. Thereafter, the
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sample solution was filtered with a 0.1-μm porous size filter
and diluted in a 50-ml volumetric flask with MQ-H2O.

UV-Vis

UV-Vis spectra were collected on a Varian Cary-5 UV-Vis
spectrophotometer from 200 to 800 nm using high-precision
cuvettes made of quartz with a light path of 10 mm. Each UV-
Vis spectrum was the average of three scans.

Iron calibration curves Twenty milliliters of diluted solutions
(DS) of iron (III) chloride with iron concentration ranging
from 1.5 to 600 mg Fe/l was prepared by the dilution of one
concentrated iron (III) chloride solution using MQ-H2O. Iron
standards for HCl concentrations of 3.7, 4.9, and 9.0 M were
made by the controlled addition of HCl (37%) on DS and their
later dilution with MQ-H2O. Iron standards for 3.7 M HCl
were done by the addition of 1.5 ml of HCl (37%) on 0.5 ml
of DS and the later dilution with 2.5 ml of MQ-H2O. Iron
standards with 4.9 M HCl were carried out mixing 0.5 ml of
DSwith 2ml of HCl (37%) and diluted with 2ml ofMQ-H2O.
Finally, 0.5 ml of DS was mixed with 1.5 ml of HCl (37%) for
iron standards of 9.0 M HCl. All preparations were stored
until used at 4 °C to avoid water evaporation. Each iron cali-
bration curve was obtained by a linear fitting of at least seven
points (within the 95% confidence interval) [24]. LOD and
LOQ were determined following the next equations:

LOD ¼ ABlank þ 3σ−bð Þ=a ð1Þ
LOQ ¼ ABlank þ 10σ−bð Þ=a ð2Þ

where ABlank and σ correspond to the average and the stan-
dard deviation of 10 absorbance measurements of the blank
for each calibration curve. And a and b are respectively the
slope and the y-intercept of calibration curve equations [25].
Blanks were prepared for each calibration curve as iron stan-
dards but using MQ-H2O instead of the different DS.

Oxidation kinetics of iron (II) to (III) In total, 3.0 ml of HCl
(37%) was added to 1.0 ml of a solution of iron (II) chloride of
64 mg Fe/l and hand-shaken for 10 s. Then, 1.0 ml of the final
solution (16 mg Fe/l) was transferred to a UV-Vis cuvette to
start the measurement. The UV-Vis spectrophotometer was
adjusted to measure automatically every minute, the first
1 h, and every 5 min the following 2 h.

Preparation of sample solutions Sample solutions were pre-
pared in a similar way to the iron standards. The iron content
was obtained by the average of two determined iron solutions
for each calibration curve. For citrate-SPIONs, 0.5 ml of a
diluted solution was mixed with the corresponding volume
of HCl (37%) for 1 h and then diluted with MQ-H2O.

Otherwise, 1.0 mg of S9oa or S7bc was mixed in HCl
(37%) for 1 h and then filtered with a 0.1-μm porous size filter
to remove the organic residues of the sample. Finally, the
mixture was diluted for each HCl concentration with MQ-
H2O.

Master curvesMaster curves for each HCl concentration were
obtained as a reference curve of a not interfered absorption
profile. Taking into account the reference wavelength (λr)
used for iron quantification for each HCl concentration, mas-
ter curves were obtained first normalizing all the UV-spectra
obtained with calibration solutions by its absorption at λr.
Then, all normalized curves were averaged to obtain the final
master curve.

Results

Sample characterization

Quantification of iron was performed in SPIONs synthesized
by a fast microwave-assisted thermal decomposition method
and functionalized with organic molecules following previ-
ously reported protocols [19–22]. Figure 1(a–d) displays
TEM images for rounded shaped polyhedral particles in dif-
ferent media. Citrate (Fig. 1a–b) and oleic acid–coated (Fig.
1c) samples show SPIONs with an individual particle coating
stable in water or organic media respectively. In contrast, Fig.
1d shows SPIONs attached to bacterial cellulose fibers; the
particles do not have surface functionalization and are more
aggregated. Figure 1(e–h) depicts narrow size distributions for
all samples with a mean size of 5.7 ± 0.9 (S6c), 9.4 ± 1.7
(S9c), 9.6 ± 1.4 (S9oa), and 7.1 ± 1.5 nm (S7bc). The crystal-
line phase was determined by the analysis of the selected area
electron diffraction (SAED) patterns (upper insets in Fig. 1(a–
d)). Electron diffraction rings for samples were assigned to an
inverse spinel structure (γ-Fe2O3 or Fe3O4). Magnetic charac-
terization techniques revealed the typical features of
superparamagnetic behavior. Details of the measurements
are described in the experimental part. Hysteresis loops at
room temperature did not show remanence and blocking tem-
peratures were ranging from 31 to 100 K in zero-field-cool
curves (data not shown) [20–23].

Design of the protocol

Our methodology is based on the complexion of iron with
chlorides by the addition of concentrated HCl in iron-
containing samples and the controlled dilution of the obtained
solutions. The choice of HCl has several justifications. HCl is
an economical reagent commonly used to digest iron oxide
because of its strong affinity to iron, giving iron chloride com-
plexes with an excellent sensibility in UV-Vis [16–19].
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However, HCl concentration has a strong impact on the iron
chloride complexes formed (Figure S1) and their different
signature in the UV-Vis spectra [16–19]. Figure 2 summarizes
this fact by depicting the evolution of the UV-Vis spectra for
0.057 M of FeCl3 and HCl concentrations ranging from 0.20
to 9.0 M. As a general trend, there is an absorbance enhance-
ment together with a shift to lower energies for increasing HCl
concentrations. Three types of spectra can be distinguished
depending on the HCl concentration. From 0.20 to 4.1 M
HCl, the spectra exhibit a single peak around 340 nm associ-
ated with FeCl2+ and FeCl2

+ species [18]. Then, from 4.1 to
5.8 M HCl, a shoulder appears around 315 nm, and the main
peak shifts to 355 nm. In this range, FeCl3 is the predominant
species giving its absorbance signature [18], with around 80%
of the composition of the iron chlorides (Figure S1). The
amount of HCl does not affect significantly the reaction equi-
librium within this range and the concentration of the species
remains stable. Then, for larger HCl concentrations, the spec-
tra exhibit three intense peaks around 250, 315, and 360 nm as
the presence of FeCl4

− becomes more important (Figure S1)
[18].

As seen above, HCl concentration modifies greatly the
UV-Vis response for iron chloride (III) compounds. Slight
changes in HCl concentration have a more pronounced effect
on the final spectra at low and high HCl concentrations than at
moderate ones (4.1–5.8 M HCl), a quasi-stable regime that
can help with the experimental uncertainness. However,
curves at low HCl concentrations are easy to interpret with
one single sharp but less sensitive peak. On the other hand,
curves at high HCl concentrations are more sensitive to the
iron content but they show multiple peaks that may hinder the
interpretation of the results. Thus, the election of an

appropriate HCl concentration is crucial for the construction
of reliable iron standard calibration curves. In the attempt to
shed light on this issue, we have evaluated three different HCl
concentrations: 3.7, 4.9, and 9.0 M (one low, one moderate,
and one high, respectively), labeled from now on C4, C5, and
C9 to ease the reading.

Figure 3 illustrates the steps for the construction of those
calibration curves. First, iron standards were made by a con-
trolled addition of HCl (37%) in aliquots of iron (III) chloride
with concentrations ranging from 1.5 to 600mg Fe/l. The final
HCl concentration was adjusted with MQ-H2O (step 1).

Fig. 1 Structural characterization. TEM images for S6c (a), S9c (b), S9oa
(c), and S7bc (d). Scale bars are 20 nm in a–c and 35 nm in d. Insets
contain a SAED pattern indexed to an inverse spinel structure. Particle

size distribution and mean particle were obtained by measuring at least
250 NPs. The resulting histograms were fitted to Gaussian functions for
S6c (e), S9c (f), S9oa (g), and S7bc (h)

Fig. 2 UV-Vis absorbance spectra for 0.057 M of FeCl3 under HCl
concentrations ranging from 0.20 to 9.0 M. Wavelength for each peak
as follows: λ0.20M = 335, λ2.2M = 337, λ4.1M = 341, λ5.8M = 355,
λpeak17.4M = 313, λpeak27.4M = 364, λpeak19.0M = 241, λpeak29.0M =
314, and λpeak39.0M = 364 nm
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Afterward, the iron standards were measured by UV-Vis in
triplicate and the position of each peak was obtained from the
average of these three measurements. Calibration curves were
obtained by linear fitting of the maximum peak absorption
versus the iron concentration (step 2). Thereafter, we com-
pared the statistical and analytical parameters for each calibra-
tion curve. Finally, the reliability for each calibration curve
was tested by analyzing iron in various samples containing
SPIONs and different surface functionalization. Samples were
digested for 1 h to ensure the full iron (II) oxidation and di-
luted following the same conditions as that of the correspond-
ing standards for each calibration curve (step 3). Then, the iron
concentration for each sample was obtained by interpolation
in the calibration curve. Simultaneously, ICP-OES sample
solutions were prepared by their digestion using concentrated
HNO3 and diluted with MQ-H2O to the desired volume.
Finally, iron concentrations for both methodologies were
compared (step 4).

Figure 4 and Table 1 show the main features for C4, C5,
and C9 calibration curves. Note that calibration curves were
built with at least seven experimental points, which were with-
in the 95% of the confidence interval [24]. They all show an
excellent linear response with an r2 > 0.997 [23]. C4 and C5
absorbance curves show a single peak in the range of 340–
350 nm, with a linear range within 0.15 to 29 mg Fe/l. In
contrast, absorbance curves for C9 depict three peaks ranging
from 241 to 364 nm and with a considerable diminution of the
linear range, 32% for λ = 314 and 364 nm, and 62% for

241 nm. The last diminution is caused by the peak position,
near the short wavelength limit, in a region prone to spectral
interferences due to the multiple UV absorption of chemical
species. Besides, the sensibility of each calibration curve was
analyzed in terms of the slope of their corresponding linear
equation [24], showing greater sensibility for higher HCl con-
centrations as follows C9 > C5 > C4. Limits of detection
(LOD) are within 0.23–0.88 mg Fe/l, while limits of quantifi-
cation (LOQ) within 0.61–1.4 mg Fe/l.

In Table 1, we summarize the statistical and analytical pa-
rameters for both our methodology and other spectroscopic
approaches for the iron quantification [11–13, 26, 27]. Note
that most studies are based on two steps. First, the addition of
an acid to digest the sample and then the generation of UV-Vis
quantifiable iron complexes with a medium life of few hours.
e.g., methylthymol blue [13], o-phenanthroline [26], and
Prussian blue [11, 12]. In contrast, our work is based on a
single step method where iron is digested generating iron
chloride complexes with a sharp signal in the UV-Vis range
that is stable for weeks. Besides, greater linear working ranges
are found for C4 and C5 absorbance curves of our approach.
Finally, our calibration curves show similar values for LOD,
LOQ, and r2 compared with the other spectroscopic methods.

The statistical and analytical parameters from the different
standard curves show that the standard curve with the best
sensibility is C9 λ = 241 nm but it has the smaller iron linear
range together with slightly higher LOD and LOQ values. The

Fig. 3 Schematic illustration for the experimental procedure to quantify iron by a UV-Vis protocol
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opposite trend occurs for C4 and C5. The standard curve with
the best combination of sensibility together with greater linear
range and low LOD and LOQ values is C5. Thus, C5 is a
strong candidate for accurate iron quantification. To validate
the robustness of each standard curve and better compare
them, C4, C5, and C9 were used for the iron quantification
of the sample solutions under study: S6c, S9c, S9oa, and
S7bc.

Sample preparation and measurement

All samples were digested using HCl (37%). Since SPIONs
can also contain iron (II) if consisting of magnetite (Fe3O4),

we first determined the minimum time needed for the full
oxidation of iron (II) to (III) [28, 29]. Oxidation kinetics was
studied by UV-Vis using iron chloride (II) at HCl 9.0 M since
this was a higher concentration used to digest the samples
(details are included in the experimental section).
Figures 5(a, b) shows the evolution of the UV-Vis spectra
for 1.0 ml of iron (II) chloride solution (64 mg Fe/l) after the
addition of 3.0 ml of HCl (37%). The reaction (final solution
of 16 mg Fe/l) was studied comparing the absorbance at
λpeak1 = 241 nm, λpeak2 = 314 nm, and λpeak3 = 364 nm along
time up to 100 min. Figure 5b shows the same increase for the
three absorbance bands which follows an exponential (1-e-αt)
trend. In the first seconds of the reaction, At = 0min = 0.2 At =

Fig. 4 Construction of the UV-Vis calibration curves. UV-Vis spectra of
iron standards with an iron concentration ranging from 0.15 to 29 mg Fe/l
for C4 (a), C5 (c), and C9 (e) with a range within 0.41 to 20 mg Fe/l. Iron

calibration curves at λ = 341 nm for C4 (b), at λ = 348 nm for C5 (d), and
at λpeak1 = 241 nm, λpeak2 = 314 nm, and λpeak3 = 364 nm for C9 (f)
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100min, and then increases quickly after 10 min (At = 10min =
0.58 At = 100min). After 30 min, the absorbance increases at a
slower speed (At = 30min = 0.90 At = 100min) and remains con-
stant after 55 min (At = 55min = At = 100min). The iron content
obtained for At = 60min compares well with that obtained for
the calibration curve of iron (III) at the same HCl conditions
(Fig. 5c). From these results, we concluded that the minimum
time to oxidize iron (II) in our solutions was 60 min.

Next, potential interferences (especially organic interfer-
ences, due to the nature of the samples that we used) were
evaluated in Figure S2 by comparing the UV-Vis spectra for
the sample solutions with the master curves of each HCl con-
centration. These comparisons do not show appreciable dif-
ferences in a wide wavelength range around the chosen

calibration wavelength. No new peaks appear; neither a shift
peak is observed. This obvious coincidence indicates that all
iron content is complexed as expected to chloride ions and that
no organic or inorganic compounds are absorbing light in the
working range. We thus conclude that there are not interfer-
ences that could interfere with the iron quantification.
However, major differences can be observed in 241 nm case
for C9 (Figure S2c), which can be related to the peak position,
near the short wavelength limit, in a region prone to spectral
interferences due to the multiple UV absorption of chemical
species.

Finally, we compared the iron quantification for the studied
samples using UV-Vis and ICP-OES. Figure 6 shows this
comparison as the mean iron content from the average of

Table 1 Statistical and analytical parameters for C4, C5, and C9
calibration curves (color background rows) and other recent
publications (light background rows) in iron quantification
spectroscopic techniques. Complexation medium life is in brackets. For

the linear fit, y is the absorbance in arbitrary units at the working
wavelength and x is the concentration of Fe in mg/l, except that other
units are indicated (OD= optical density)

Fig. 5 Oxidation kinetics of iron (II) chloride of 16 mg Fe/l in 9.0 M HCl
by UV-Vis. aUV-Vis spectra of iron chloride (II) in 9.0 M HCl from 0 to
100 min for selected times. bUV-Vis absorbance evolution for each peak

as a function of time. c Calibration curves at 314 (top) and 364 nm
(bottom) for iron (III) chloride in 9.0 M. Stars correspond to values
after 60 min of reaction of iron (II) chloride in 9.0 M HCl
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two iron dilutions ([Fe]mean) for each sample and method with
respect to the ICP-OES mean iron content ([Fe]mean, ICP-OES).
The standard deviation for those values was taken as the half-
difference between the two determinations. Error bars in
Fig. 6 are given by error propagation of the standard devia-
tions of UV and ICP results to the division. Red dashed lines
correspond to differences of ± 5%. All the measurement
values and comparisons for each sample and method are de-
tailed in Table S1 in SI.

As a general trend, there is not an influence of the type of
sample. Besides, the iron content from ICP-OES shows low
dispersity (1–4% in terms of the standard deviation between
the two replicates) as expected for this methodology [14, 15].
However, there are large differences in the dispersity of the
results depending on the HCl concentration for the UV-Vis
approach. The standard curve with the most robust results is
C5 showing a dispersity less than 5% and a difference smaller
than 5% when compared with ICP-OES results. The C4 stan-
dard curve gives values varying ≈ 7% with those obtained
from ICP-OES. Finally, the C9 standard curves show two
different behaviors depending on the position of the peak.
On the one hand, iron values for C9λ = 241 nm have low
dispersity comparable with those for C4 and C5 and similar
to ICP-OES (except for sample S6c). On the other hand, C9λ =
314 and 364 nm showed higher values of dispersity where the
mean iron content differs inmore than 10% from the ICP-OES
value.

All in all, we concluded that C5 (4.9 M HCl) is the most
robust and reliable standard curve for an accurate iron quanti-
fication in iron oxide colloids and nanocomposites showing a
dispersity of less than 5% between replicates and being

comparable with those obtained in ICP-OES as a reference
method (with relative errors ranging from 1 to 4%). Indeed,
the C5 standard curve was obtained with an HCl concentration
placed on the most stable zone on the reaction equilibria of
iron (III) chloride compounds (see Figure S1). In this range,
the predominant compound is FeCl3 and small variations of
HCl concentration coming from the experimental uncertain-
ness have the smallest final impact on the quantification re-
sults. Moreover, the use of C5 allows us a suitable compro-
mise between the high sensitivity increasing the HCl concen-
tration and the facile interpretation of the UV-Vis spectra (a
single peak observed) decreasing the HCl concentration (Fig.
2), as well as a good statistic and analytical parameters (low
LOD and LOQ values and long linear response regime).

Conclusions

By a judicious choice of the methodological conditions, we
propose a simple and versatile UV-Vis analytical protocol for
an accurate iron quantification in iron oxide samples
encompassing SPIONs of different sizes in colloidal disper-
sion functionalized with widely employed organic molecules
(citrate and oleic acid) as well as in a nanocomposite com-
posed of iron oxide nanoparticles decorating bacterial cellu-
lose nanofibers.

To design the protocol, different calibration curves from
UV-Vis measurements of solutions of iron (III) chloride under
3.7, 4.9, or 9.0 M HCl were tested (C4, C5, and C9 respec-
tively). All curves showed a good linear response with LOD
and LOQ values close to 1 mg Fe/l.

We further determined the minimum time (at HCl 9.0 M)
needed for the full oxidation of iron (II) to (III) in the sample
concluding that the minimum time to oxidize iron (II) in the
solutions studied was 1 h. We then evaluated the effect of
interferences by comparing the sample solution spectra with
a master curve for each HCl concentration. No new peaks
appear in the sample solution spectra that fully overlapped
with the mean calibration curves (which we have named
here master curves) indicating that the organic coating of the
particles does not modify the UV-Vis spectra.

Finally, we compared the iron quantification for the studied
samples using both UV-Vis and ICP-OES methods. We con-
cluded that C5, [HCl] = 4.9 M, was the most robust and reli-
able standard curve for an accurate iron quantification in iron
oxide colloids and nanocomposites yielding less than 5% dis-
persion between replicates and with less than 5% deviation
when compared with the values obtained by ICP-OES used
here as the “gold standard” method. For this reason, we sug-
gest our C5 UV-Vis analytical protocol as a methodology for
an accurate iron determination in iron oxide samples and as an
easy-access alternative to ICP-OES.

Fig. 6 Comparison of the iron content [Fe] obtained from UV-Vis and
ICP-OES analytical techniques. The mean iron content, [Fe]mean, for each
method as follows: ICP-OES (gray), C4 (orange), C5 (green), C9λ241 nm

(dark blue), C9λ314 nm (azure blue), and C9λ364nm (light blue). Error bars
correspond to the standard deviation from the average of two iron dilu-
tions for each sample and red dashed lines correspond to differences of ±
5%
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