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Abstract

A sensor based on a gold Quartz Crystal Microbalance (QCM) modi-
fied with nanoscale zero-valent iron nanoparticles (nZVI) anchored to re-
duced graphene oxide (rGO) was developed. An automated measurement
microsystem was employed using QCM (modified and unmodified) as an
arsine detector device. The QCM measurements of frequency changes are
associated with total As concentration (III/V) in the samples. The gold
surface QCM modification with nZVI/rGO improved the sensitivity in to-
tal As determination. The limit of detection (LOD) was 0.0062 ng mL−1

for QCM-Au/nZVI/rGO, 100 times higher than the unmodified QCM-Au
sensor. Moreover, studies of adsorption energy and electron density of As
with QCM-Au/nZVI/rGO and QCM-Au systems were performed. For this
purpose, Density Functional Theory (DFT) methodology was used employ-
ing arsine adsorption on magnetite nanoparticles supported on graphene,
and also on Au as models. This theoretical-experimental research allows
us to acquire knowledge of the interaction of Au/nZVI/rGO with As and
confirms the experimental results.

Keywords: Arsenic determination, DFT, Nanoparticles nZVI/rGO,
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1. Introduction

Quartz crystal microbalance (QCM)-based sensors are widely used in var-
ious fields such as chemistry, biochemistry, and environmental sciences for
trace analysis [1]. The QCM is a piezoelectric gravimetric sensor, i.e., it
detects small mass changes in the nanogram range on its surface. It works
by transducing mass changes into variations of its resonance frequency [2].
This device can be used in analytical systems to analyze liquid or gaseous
samples in real-time and with the possibility of dissipation measurement
(QCM-D) depending on the methodology used [3]. In recent times, the
use of these sensors has increased due to high sensitivity, robustness, and
small-size design that facilitates the integration into automated systems for
routine analysis [4, 5]. Although they present good analytical responses, it
is possible to improve the performance in terms of sensitivity and selectivity
by doping the piezoelectric surface with different components (organic and
inorganic) [6]. For example, the coating of the sensor surface with nanopar-
ticles has been recently proposed for the determination of pollutants, such
as heavy metals [7]. These nanomaterials increase the effective surface area
of the electrode, allowing it to enhance the interaction/adsorption of the
analytes. Various types of nanomaterials based on iron nanoparticles have
recently been used to remove arsenic (As) from water of industrial and
agricultural origin. The determination of As is of major interest for public
health policies as there are several millions of people who suffer the conse-
quences of consuming contaminated water without knowing it [8].
Several Iron-based materials with low cost have proven to be knowledge-

able for the removal of As such as iron oxide, zero-valent iron and others
[9, 10, 11]. Among iron-based materials, nanoscale zero valence iron (nZVI)
particles have gained much importance in remediation studies related to
As adsorption in natural waters. The nZVI have been shown to have an
important interaction with As and promote a reduction reaction on its sur-
face, allowing its capture. However, to have better stability and immobilize
these nanoparticles, a support is required [12, 13, 14]. As a support candi-
date, the reduced graphene oxide (rGO), has several advantageous aspects
such as large specific surface area, structural and electrochemical proper-
ties. Moreover, it is a favorable system for nZVI immobilization [15, 16].
Preprint submitted to Sensors and Actuators B December 22, 2023
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The combination of the nZVI and rGO, known as the nZVI/rGO system,
is interesting and proven to be a better candidate than isolated nZVI, for
the removal of pollutants, as shown by experimental and theoretical studies
[17, 18]. Wang et al. have confirmed with studies in batch the adsorption
of arsenic by materials of zero-valent iron nanoparticles (nZVI) anchored to
reduced graphene oxide (rGO) in water compared to bare nZVI [19].

From a theoretical-experiment perspective, it is common to come across
studies that analyze the interaction of the sensor surface with the modified
substrate or with the analyte to be determined [20]. This type of study
allows for evaluating the feasibility of its development. Density Functional
Theory (DFT) provides a well-established methodology for modeling molec-
ular and atomic systems in terms of reactions and adsorption, among other
topics. For example, one of the areas to which it is applicable is the deter-
mination of contaminants, regardless of the aggregation state in which you
work, presenting itself as a valuable tool [21, 22]. For instance, Arivarasi
Arularasan et al. evaluated the adsorption capacity of heavy metals for
water quality analysis using DFT [23]. In the case of As, interactions with
certain metallic nanocomposites have been studied, with those composed
of iron being among the most promising [24, 25]. Leslie L. Alfonso Tobón
et al. sought to predict the adsorption capacity of iron-based nanomateri-
als with metallic impurities for arsenic removal [26]. In addition to these,
a significant amount of research has shown that carbon-based nanocom-
posites, such as graphene, also demonstrate a high adsorption capacity for
these types of contaminant [27, 28]. In our group, Vinicius de Lima et al.
modeled zero-valent iron molecules supported on reduced graphene oxide,
aiming to leverage the properties of both materials. Once this was done,
the interaction with arsenic was evaluated for its determination in water
samples [18].

In this work, we developed a gold QCM sensor based on zero-valent iron
nanoparticles (nZVI) supported on reduced graphene oxide (rGO) sheets
for the determination of total As in water samples. The determination of
this contaminant is related to the quantity of arsine (AsH3) generated by a
Flow-batch system from As solutions adsorbed onto the QCM sensor. The
performance of this sensor was compared with the sensor without nanopar-
ticles. Additionally, DFT was used to analyze the interactions of small-sized
magnetite (Fe3O4) and graphene clusters to model the nZVI/rGO substrate,
as well as gold sheets and AsH3 molecules to simulate the sensor surface and
analyte, respectively. In order to corroborate the results of these experi-
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mental systems, DFT calculations can provide an interesting perspective to
verify and contribute new ideas for future experimental work. Regarding
the subject of study of this work, we have not found a theoretical work of
arsine adsorption employing a QCM sensor coated with these nanoparticles.
This article reports the theoretical and experimental study to demon-

strate that this prototype could be used in the determination of arsenic
in natural water samples in comparison with reference methodologies that
are expensive, complex analysis processes and require qualified personnel
[29, 30, 31, 32].

2. Material and methods

2.1. Experimental section

2.1.1. Reagents and solutions

The reagents were of analytical grade, and the solutions were prepared
using ultra-pure water (18 MΩ). A stock solution of 1.0 mg mL−1 of As(III)
was prepared dissolving the required amount of As2O3 (Cica-Merck) in wa-
ter. Standard solution 10 ng mL−1 was obtained from a dilution of the
stock solution, and from this, the As test solutions were prepared to carry
out the studies. A 1.0% (m/v) NaBH4 solution was used as a reducing
agent. For this proposal, 0.5 g of NaBH4 (Biopack) was dissolved in 5.0 mL
of 0.1% NaOH (Anedra). 2.0 M HCl solution (Cicarelli) was used to adjust
the pH.

2.1.2. Flow-batch system

In this work, a modification of the Flow-batch system described by Gutier-
rez et al. was used for the determination of total As [33] (see Figure 1a).
In order to decrease amounts of reagents and optimize the system’s con-
nections, two chambers were designed. The first one is a homemade four-
channel reaction chamber (RC), which schematic view is presented in Figure
1b. The RC is built with Teflon due is an inert and durable material that
has the advantage of being easy to clean, ensuring no cross-contamination
between assays.
Moreover, the sensing chamber (SC, Figure 1c-1d) was designed in the

laboratory and built using a 3D printer (HellBot, model Magna 2 300).
The SC consists of two pieces (top and bottom), which couple the QCM
with two O-rings and joined by a thread. The upper part of the chamber
was designed with two channels to insert pump tubes in order to allow
the passage of fluids (0.508 mm internal diameter). The bottom piece was
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designed for the electronics connections, where it has a PCB (Printed Circuit
Board) with gold pins to make electrical contact with the crystal.
The reaction to obtain arsine (AsH3) from As (III and/or V) present

in aqueous medium depends on the pH of the medium. In our case, the
determination of total As must be carried out by first oxidizing As(III) to
As(V) (using HCl), and then reducing all As(V) to the hydride by using a
reducing solution, such as NaBH4, in an alkaline medium (Equations 1-2)
[34].

H3AsO4 + BH –
4 +H+− > H3AsO3 +H2O + BH3 (1)

H3AsO3 + 3BH –
4 + 3H+− > AsH3 + 3BH3 + 3H2O (2)

The Flow-batch system was presented as a promising tool to carry out
the quantification of total As, but as in the implementation of other chemi-
cal application systems, it is of vital importance to ensure the optimization
of the variables that affect the reliability of the results. For this particular
case, the variables of reaction pH, reagent concentration and pump geom-
etry conditions are the ones that stand out. For example, pH and reagent
concentration can influence reaction speed, selectivity and accuracy of total
As quantification. And on the other hand, the geometrical characteristics
of the pump can affect the pump efficiency, among other things. For this
reason, we used the values already optimized in Vallese et. al. [35] for
the development of the work in order to obtain reproducible and accurate
results.

2.1.3. Flow-batch procedure

Initially, before starting the measurements, the As test solution, NaBH4

and HCl solution were pumped and recirculated into the system. Then, the
solenoid valves V1, V2 and V3 are switched on for 10 s to load the channels.
Hence, 15 mL of the test solutions and 100 µL HCl were introduced into RC
for 360 s employing V1 and V3. Therefore, the peristaltic pump (PP) was
turned off for 120 s while magnetic stirring (MS) was switched on and the
impedance analyzer was initialized to obtain an initial signal. In the next
step, the PP and V2 were turned on and 1.8 mL NaBH4 1.0% m/v solution
was introduced for 150 s into the RC to promote the release of arsine. Then,
the PP was switched off and the measurement was continued for 300 s to
stabilize the signal. Finally, data logging was stopped, MS was switched
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(a)

(b)

(c)

(d)

Figure 1: a) Schematic diagram of the Flow-batch system for the determination of arsenic,
b) reaction chamber, c) sensing chamber and d) its inside view.
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off and then the wash cycle was done for the next test solutions. The wash
cycle consists of 2.0 M HNO3 (Anedra) followed by ultrapure water. The
measurements were performed at the same temperature (24 ± 1°C), so that
each of them is equally affected.

2.1.4. Modification of the QCM-Au sensor surface

The commercial QCM-Au sensor was purchased from the open QCM
store. The sensor is composed of a 6 mm diameter circular gold electrode
for the electrical connection, a quartz crystal that oscillates at a frequency
of 10 MHz and has a nominal sensitivity of 4.42x10-9 g Hz−1 cm−2 [36].

In order to improve the analytical performance of the QCM-Au sensor
in the determination of total As, the gold surface was modified by adding
nZVI/rGO nanoparticles. These nanoparticles were synthesized by Vińıcius
de Lima et al. methodology [18]. Briefly, by chemical oxidation and exfolia-
tion of the graphite powder, graphene oxide (GO) was obtained using Hum-
mer’s improved method. Then, GO was reduced together with FeSO4.7H2O
(Aggregate in 1:4 ratio with respect to GO) with an alkaline solution of
NaBH4 to finally obtain the nZVI/rGO nanoparticles. The QCM-Au mod-
ification was performed by drop-casting methodology as shown in Figure
2. Initially, the QCM-Au was cleaned in an ultrasonic bath with a 1:1 ace-
tone/ethanol mixture for 20 min. Then, 3 µL of a 1.0% (m/v) ethanol sus-
pension of nZVI/rGO was added onto the QCM-Au surface and allowed to
dry at room temperature. By this way, the modified QCM-Au/nZVI/rGO
sensor was obtained [37, 38].

2.1.5. QCM measurements

All QCM measurements were performed using an Analog Discovery 2
(Digilent, Inc.) equipped with Waveforms software [39] for impedance anal-
ysis. A custom JavaScript code was written in Waveforms software to con-
figure the analysis with a sampling sweep every 10 s and a resolution of 6
Hz. Each of the signals was saved directly to a CSV file.

2.1.6. Data analysis

The CSV data file was processed with an Octave script. First, a moving
average filter [40] with M (order 9) samples as shown in (3) was employed:

y[n] =
1

M

n−1∑

i=0

x[n+ i] (3)

7
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Figure 2: nZVI/rGO coating by drop-casting methodology.

Then, for each sampling sweep, the value of the crystal resonance fre-
quency was determined. This frequency value is directly linked to the max-
imum admittance value [41].
The smoothed data was plotted using Octave graphics in order to observe

the QCM resonance frequency change as a function of measurement time.
These signals will be presented in Section 3.1, (see Fig. 3).

2.2. Computational details

In this section, we describe the method used to compute the arsine ad-
sorption on the QCM-Au surface, unmodified and modified. For that, the
Density Functional Theory (DFT-U) was used. In particular, the solution to
the Kohn-Sham equations with periodic boundary conditions was obtained
with the Vienna Ab-initio Simulation Package (VASP) [42, 43, 44].
For this, the Blöch’s projector augmented wave (PAW) approach and the

periodic plane waves were used in order to describe the core-valence inter-
action and the electronic states, respectively [45, 46, 47]. Perdew-Burke-
Ernzerhof (PBE) within the generalized gradient approximation (GGA-
PBE) was used to approximate the exchange-correlation functional. Spin
polarized calculations were performed [48].
A 400eV kinetic energy cutoff was utilized. Brillouin zone integrations

with Γ-centered meshes of 5 x 5 x 5 k-points, and 5 x 5 x 1, were performed
8
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for the bulk and surface structures, respectively. The atoms geometry was
fully optimized, reaching a tolerance of 10−4eV and 0.05eV/Å for the energy
and the forces, respectively. Moreover, a 15Å and 10Å vacuum regions were
utilized in the Au(111) and the nZVI-rGO, respectively, in order to avoid
periodic interactions. The Grimme DFT-D2 method was utilized in order
to take into account the Van der Waals interaction between pairs [49].
The DFT+U calculations with the Ueff Hubbard parameter were per-

formed. In this calculation, DFT is corrected because of the onsite Coulomb
interactions enclosed by the Dudarev approximation [50, 51]. The partial
occupation of the Fe 3d states in magnetite must be considered in this case.
A Ueff = 5eV was found to be appropriate.
The equivalent surface formation energy (ESF ) for the Au(111) surface

was calculated using the following equation:

ESF =
EAu(111) −NAuEAu-bulk

2S
(4)

where EAu(111) is the energy of the Au(111) surface, NAu is the number
of Au atoms in the surface, EAu−bulk is the energy of the Au bulk per Au
atom and S is the surface area.
The adsorption energies were calculated as follows:

Ead = Esystem+AsH3
− EAsH3

− Esystem (5)

where Esystem is the energy of the substrate system, EAsH3
is the energy

of the arsine and Esystem+AsH3
is the energy of the system after adsorption.

Bader analysis was performed in order to obtain the electronic charges
on the atoms [52].
The charge density difference analysis of the two adsorbed systems was

performed. The charge density difference is calculated according to:

ρ(r) = ρsystem+AsH3
(r)− ρAsH3

(r)− ρsystem(r) (6)

where ρsystem+AsH3
(r), ρAsH3

(r) and ρsystem(r) are the total charge on
the stable adsorbed configuration, the arsine molecule and the systems,
respectively.

3. Results and discussion

The ability to detect small frequency changes, due to mass variation by
deposition of matter on the surface of the QCM-Au sensor, was combined

9
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with the addition of iron nanoparticles (0) and Reduced Graphene Oxide
(rGO). The purpose of this analysis is to evaluate the sensitivity in the de-
termination of total As using the isolated QCM-Au sensor and the modified
QCM-Au/nZVI/rGO sensor, employing a Flow-batch system. This study
was complemented with a theoretical analysis to justify the experimental
results.

3.1. Responses from QCM-Au and QCM-Au/nZVI/rGO

Considering our purpose, responses from the concentrations evaluated
of As solutions were obtained using the unmodified (between 5.0-1000.0
ng mL−1 As) and modified (between 0.01-0.10 ng mL−1 As) sensor, see
Figure 3.
Initially, the adsorption and/or determination of As was tested using the

unmodified QCM sensor. Low sensitivity response was obtained for concen-
trations below 100.0 ng mL−1 As. Figure 3a shows low frequency changes
(∆f) values corresponding to a low deposition of As on the gold surface of
the QCM. Moreover, the ∆f values are within the same range as the reso-
lution of the impedance analyzer, which was set to 6 Hz. Consequently, it
is not possible to attribute them to As with sufficient certainty.

(a) (b)

Figure 3: Frequency changes versus elapsed time versus different As concentrations using
a) QCM-Au sensor and b) QCM-Au/nZVI/rGO sensor.

On the other hand, the employ of QCM-Au/nZVI/rGO increases expo-
nentially sensitivity in the As determination. Figure 3b shows that for this
case, from As solutions of the order of 0.01 ng mL−1, the obtained ∆f
signals were already distinguishable at that trace level. This shows a big

10
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difference to the results obtained with the sensor without the addition of
nanoparticles. This may be due to the strong chemical interaction between
As and the surface oxygenated compounds of the nZVI/rGO nanocompos-
ites [53, 54]. This property allowed the small amount of AsH3 that enters
the sensing chamber to adhere easily to the surface of the modified sensor
and, therefore, to be quantified.
Linear behavior was studied in a concentration range between 0.01-0.10

ng mL−1 of As. The obtained calibration curve was Y = [2660 ± 110]X +
[246 ± 7] [ng mL−1 As], (R2 = 0.995). The limit of detection (LOD) for
the determination of As based on the 3Sb/m definition was 0.0062 ng mL−1

[55]; where Sb is the standard deviation of blank signals for six blank mea-
surements and m, the slope of the calibration.

3.2. Reusability of the nZVI/rGO nanoparticles on QCM surface

The reusability of the sensor was evaluated by conducting 90 consecutive
adsorption cycles under the optimized conditions by using 0.05 ng mL−1

arsenic sample solutions. The arsenic test solutions were detected through
the sensor. Afterward, a significant decrease in arsine detection (85–92%)
was observed in the following 91-120 cycles. Good reusability was achieved,
with coefficients of variation ranged between 4% and 5%. Therefore, the
extended use of the nZVI/rGO materials up to 91 cycles in the detection of
trace arsenic from water samples is feasible.

3.3. Analytical features

Table 1 shows the comparison of analytical characteristics of the proposed
method with respect to other methodologies, also used to determine arsenic
in water. It can be seen that our method is more environmentally friendly,
since it does not use toxic organic reagents as in the works [56, 35]. Re-
lated to sample rate, the above-mentioned determinations present a similar
time-dependent sample analysis capacity, with the exception of the work of
Anthemidis et al. which is considerably higher. However, the weak points
of this work are associated to the high cost of the instrumentation and
its great complexity. Regarding the LOD achieved in the presented work,
it was better in comparison with the other methodologies, being around
100 times lower than that obtained with SWV and nanomaterials [57]. In
contrast to the cited works, the nanomaterials deposited on the surface of
the piezoelectric sensor have the ability to be reused for subsequent analyses
[18]. Finally, the proposed work presents two remarkable features, an online

11
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extraction/determination step, and in turn, the possibility of miniaturizing
or simplifying the system.

Anthemidis
et al. [58]

Hu et
al. [57]

Belen et al.
[56]

Vallese et
al. [35]

Proposed
method

Detection limit
[µg L−1]

0.06 1.19 0.07 0.03 0.0062

Sampling rate
[h−1]

41 ND 6 9 7

Reagents NaBH4,
HCl

Buffer
phos-
phate

NaBH4,
pyridine,
*AgDDTC

NaBH4,
pyridine,
*AgDDTC

NaBH4,
HCl

Extraction/
detection

Online Offline Online Online Online

Miniaturization/
simplification

No Yes Yes Yes Yes

Reusability
of the surface
sensor

- No No No Yes

Instrumentation Atomic ab-
sorption

Electro-
chemi-
cal

Digital mi-
croscope

Digital mi-
croscope

QCM

Table 1: Comparative features of different methods for determination of arsenic in water.
* AgDDTC: silver diethylditiocarbamate, ND: No declared.

3.4. Theoretical calculations of the interaction of AsH3 with the QCM-
Au/nZVI/rGO sensor

The two situations considered previously were analyzed from a theoretical
point of view. Initially, the Au(111) surface was modeled to represent the
unmodified QCM-Au material (Figure 4c) [59]. We found a surface forma-
tion energy of 1.36 J/m2, which is in good agreement with Vitos et al. [60].
These authors calculated a formation energy of 1.28 J/m2, which is a good
sign that our surface is correctly modeled. Afterwards, arsine was doped
on the Au(111) surface, which resembles the QCM-Au system. Different
configurations, orientations and surface sites were tested. The most stable
configuration corresponds to an Au top site, with the As atom being closest
to the surface, which is shown in Figures 4a-4b.
The other situation present in the experimental setup is the adsorption of

the arsine on the nZVI/rGO. So, a model composed of the arsine doped on
12
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the nZVI/rGO structures was studied. A perfect graphene sheet was used
to model the rGO. In the case of nZVI, it was modeled as a small cluster
of magnetite (Fe3O4) composed of relaxed (001) layers of Fe3O4. Since the
structure of the nZVI is commonly an iron oxide shell with an iron zero core,
in which one of the possible structures is magnetite [61, 13], we proposed
this model as a first approach. It has to be mentioned that magnetite is
a ferromagnetic material with a cubic inverse spinel structure, where the
oxygens form a FCC lattice and the iron atoms occupy the octahedral and
tetrahedral interstitial sites [62, 63].
Different orientations and sites were tested for arsine adsorption, finding

that the most stable one is the adsorption on an oxygen bridge site, with
the As atom pointing towards the surface (Figures 4d-4e).

(a) (b) (c)

(d) (e) (f)

Figure 4: Adsorption of AsH3 on Au(111), seen from (a) the schematic top view, (b) the
schematic lateral view and (c) unmodified QCM-Au sensor representation. Adsorption
of AsH3 on nZVI/rGO, seen from (d) the schematic top view, (e) the schematic lateral
view and (f) modified QCM sensor representation. The light gray, green, yellow, red,
brown and grey spheres represent H, As, Au, O, Fe and C species, respectively.

The adsorption energy and the distance found between the arsine and
the Au surface were -1.85 eV and 2.52 Å, respectively. The average As-H
bonds and H-As-H angles were also calculated, obtaining values of 1.53 Å
and 98° respectively. These results indicate favorable and stable adsorption

13
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on the gold surface. The As-H bond values are in good agreement with the
results obtained in literature [64], whereas the average angle is 8% higher
than the theoretical value of 91° for the isolated arsine molecule, which can
be related to the fact that the molecule could be starting to dissociate over
the surface.
For the modified sensor modeled system, the total adsorption energy for

this site was -2.70 eV . The distance between arsine and magnetite was found
to be 1.74 Å. Moreover, the average As-H bond and H-As-H angle obtained
were 1.52 Å and 110°, respectively. These results indicate a 46% higher
stability for the arsine doping on the nZVI/rGO system in comparison with
the gold surface, in agreement with the experimental results. Moreover, the
distance between arsine and magnetite shortened by 31% and the average
angle increased, in comparison to the adsorption on the Au surface. There-
fore, these are good indications that the system in Figures 4d-4e is more
favorable for the AsH3 adsorption.
The Bader charge analysis of both systems were studied. These show

a net atomic charge variation for arsine of 0.3e and 1.2e on Au(111) and
nZVI/rGO, respectively, as it can be seen in Table 2. Moreover, the Bader
charge of the As atom is in the same tendency as before. Therefore, this
is in agreement with the fact that the second system is more favorable for
arsine adsorption. In both cases, there is a charge transfer from the arsine
to the substrates.

System AsH3

charge
As
charge

As-nearest sys-
tem atom BO

As
SBO

As-H
atoms av-
erage BO

AsH3/Au(111) 0.3 0.9 0.79 3.52 0.83
AsH3/nZVI rGO 1.2 1.6 1.17 3.74 0.74

Table 2: Bader charge (e-), bond order (BO) of As with the nearest system atom, sum
of bond order (SBO) for As atom and average bond order for As with H atoms.

Charge density difference analysis of both of the systems in discussion
were performed. In agreement with the Bader charge analysis, a stronger
transference of charge from the arsine molecule to the magnetite is observed
(Figure 5). Moreover, charge transfer is more present throughout the mag-
netite and not localized in one single spot, which again indicates that the
nZVI nanoparticles produce a positive effect for the analysis of arsine in
comparison with the pure gold surface.
Furthermore, a bond order study was performed to take into account the
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(a) (b)

Figure 5: Isosurface plots at 0.001 e/Å3 for AsH3 adsorbed on (a) the Au(111) surface
and (b) the nZVI/rGO system. The yellow and light blue represent electron gain and
loss, respectively. The light gray, green, yellow, red and brown spheres represent H, As,
Au, O and Fe species, respectively.

strength of the bonding. These results are shown in Table 2. The As bond
order is 48% stronger in the case of the AsH3 on nZVI/rGO than on the
Au surface, and the Sum of the Bond Order (SBO) of the As atom is 6%
higher too. These facts are in agreement with the higher adsorption energy
and charge transfer results. The average BO of As with the H atoms shows
that in the nZVI/rGO adsorption, the arsine bonds are weaker, in which
case the average arsine angle changes more.

The adsorption of the arsine on the sensor-modified system without the
inclusion of the nZVI was also evaluated by theoretical calculations. An
adsorption energy of -0.20 eV for the arsine, on the last mentioned system
was found, which is much lower than the value of -2.70 eV for the arsine
adsorption on the second system of nZVI/rGO, indicating that the nZVI
inclusion improves significantly the adsorption energy for the removal of
As. Moreover, the Bader charge analysis shows a null net atomic charge
variation of the arsine in the sensor-modified system without the nZVI,
indicating that there is no charge transfer, in contrast to the result of 1.2e
of charge transfer obtained for the adsorption of arsine on the nZVI/rGO
system. Moreover, the As-H average bond and the H-As-H angle are 1.54 Å
and 90º, respectively. These results show again that the arsine molecule has
no relevant changes in comparison to the literature values for the isolated
arsine molecule, and therefore shows less change and interaction than in the
adsorption of arsine on the nZVI/rGO system. All of these results indicate
that the inclusion of the nZVI in these systems is a key aspect for the
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adsorption and removal of arsine.

4. Conclusions

A QCM-Au sensor with high analytical performance has been designed
for the determination of total As by modifying the surface with zero valent
iron nanoparticles supported on reduced graphene oxide. Arsine formation
was carried out using an automated Flow-batch system where, using small
amounts of reagents and control solutions, trace concentrations of total As
could be determined. The frequency changes due to arsenic deposition on
the QCM-Au/nZVI/rGO sensor showed a high sensitivity (about 100 times
larger than the unmodified QCM sensor) with a LOD of 0.0062 ng mL−1 As,
a high precision and reproducibility (s=0.0021 ng/mL), and a good linear
correlation for a concentration range between 0.010-0.10 ng mL−1 As. The
increase in surface area due to the addition of these nanocomposites together
with the oxygen functional groups of their chemical composition have been
responsible for this improvement. In turn, DFT calculations indicated that
arsine adsorption is preferred on the nZVI/rGO system compared to the
smooth Au surface. A distributed charge transfer from AsH3 to the mag-
netite occurs, which ends up with a positive charge of +1.2e, according to
Bader and charge density difference analyses. Furthermore, the nZVI/rGO
exhibits stronger atomic bonding compared to the Au(111) surface based
on the shorter As-nZVI/rGO bond distances and higher bond order val-
ues for this bond. This is in agreement with the theoretical-experimental
results mentioned above. Therefore, the system employing a QCM-Au sen-
sor modified with nZVI/rGO is available as a promising application for the
determination of arsenic in real samples.
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