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ARTICLE INFO ABSTRACT
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Mercury pollution poses severe risks to environmental and public health due to its high toxicity and persistence.
The use of physical adsorbents for heavy metal cation uptake is a straightforward solution for many applications,
but a better fundamental understanding of the mechanism is crucial for rational improvement. We have inves-
tigated the adsorption of mercury ions on reduced graphene oxide (rGO) in real time by coupling continuous flow
setups with in situ analytical techniques: X-ray absorption spectroscopy (XAS) and electrochemical quartz crystal
microbalance with dissipation monitoring (EQCM-D). The microfluidic setup provided a practical and efficient
platform for mimicking realistic conditions, requiring minimal sample volumes and enabling continuous flow
analysis, while the in situ XAS brought detailed atomic and electronic structural information, allowing for
following changes in mercury ion coordination as adsorption proceeded. Similarly, EQCM-D followed the mass
changes and viscoelastic properties of the rGO layer under dynamic flow conditions upon adsorption. The
approach distinguished chemisorbed from physisorbed mercury cations, revealing a yet undescribed transition
between the two forms. This enables a better understanding of the adsorption mechanisms and highlights the
benefits of coupling microfluidic systems with advanced in situ techniques.

Waste water treatment
Electrochemical quartz crystal Microbalance
X-ray absorption spectroscopy

1. Introduction the same study highlights the environmental concerns related to

sulfur-containing biochars, which could promote mercury methylation

Mercury pollution is a significant environmental and public health
concern due to its high toxicity and persistence in various ecosystems
[1]. Among the various methods for mercury decontamination,
adsorption stands out for its simplicity, efficiency, and cost-effectiveness
[2]. A better understanding of the adsorption mechanisms at the mo-
lecular level is essential for rational optimization of adsorbent materials
and improved performance.

Liu et al. [3] studied the removal of Hg?" cations by carbonaceous
materials using biochars derived from 36 feedstocks processed at
different pyrolysis temperatures. They attributed mercury binding to
interactions with functional groups, as confirmed by X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) analyses, with a preference for sulfur-rich sites. However,

via sulfate-reducing bacteria. These findings show the importance of
material selection and their potential secondary environmental impact,
while still being limited in replicating the dynamic conditions of
real-world systems by using batch experiments.

Reduced graphene oxide (rGO) has emerged as a promising sulfur-
free adsorbent for heavy metals, particularly mercury, due to its high
surface area, richness in functional groups, and large availability [4].
Barra et al. [5] explored the use of chemically modified rGO for the
efficient adsorption and secure immobilization of Hg?>* from water.
They introduced modifications with caffeic acid and chitosan to enhance
sorption efficiency and structural integrity, achieving a high degree of
reduction and porosity which facilitated Hg removal under realistic
contamination scenarios. The materials demonstrated low desorption
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rates, enabling safe storage of adsorbed Hg in solid waste form [5]. In
our recent work, rGO was synthesized via a straightforward hydro-
thermal method, and its capacity to preferentially adsorb Hg?* ions was
demonstrated up to 240 mg of Hg** ions per gram of adsorbent at room
temperature [6]. Furthermore, the spent adsorbent was then directly
recycled into electrodes for energy storage, giving it a second life before
becoming waste, which remediates even further any potential secondary
impacts by the generated solid waste.

To further enhance the understanding of adsorption mechanisms, it
is crucial to investigate not only the capacity of materials like rGO, but
also the processes occurring during adsorption. Microfluidic systems
offer a practical and powerful platform for characterization under
continuous flow [7-10]. Over the past three decades, microfluidics has
transformed from its origins in microelectronics into a multidisciplinary
field with significant applications in biology, chemistry, and engineer-
ing. Recent advancements have enabled applications such as
high-throughput chemical analysis that presents an interdisciplinary
solution with systems that are simple to use, require minimal sample
volumes, and can mimic realistic conditions [11]. By integrating
microfluidic devices with in situ analytical methods, such as X-ray ab-
sorption spectroscopy (XAS) [7,8] and electrochemical quartz crystal
microbalance with dissipation monitoring (EQCM-D), we investigate
herein in real time the adsorption of Hg?* ions on rGO.

2. Results and discussion
2.1. Materials characterization

Reduced graphene oxide (rGO) foam was used as an adsorbent, and
its full characterization was reported recently [6]. In brief, the rGO foam
was analyzed using scanning electron microscopy (SEM), which
revealed a highly porous, branched morphology with exposed graphene
edges, as also confirmed by transmission electron microscopy (TEM).
The 3D structure was formed after the hydrothermal reduction of gra-
phene oxide (GO), leading to a self-standing rGO foam. Gas adsorption
experiments showed that the rGO foam had a specific surface area (SSA)
of up to 214 m*g~! with an average pore size of 5.4 nm. X-ray photo-
electron spectroscopy (XPS) confirmed the reduction of GO to rGO with
a 24 % decrease in oxygen content, supported by energy-dispersive
spectroscopy (EDS) and electron energy loss spectroscopy (EELS).

The Fourier-transform infrared (FTIR) spectrum of rGO showed a
reduction in the intensity of carboxyl (—COOH) and hydroxyl (—OH)

Journal of Environmental Chemical Engineering 13 (2025) 118680

group vibrations peaks as compared to GO. The appearance of a peak at
1570 cm™ corresponding to aromatic C—=C stretching modes indicated
the restoration of the sp>-hybridized carbon network. In addition, the
Raman spectrum exhibited the characteristic D and G bands of
graphene-based materials, associated with lattice defects and disorder,
and to the in-plane vibration of sp? carbon atoms, respectively. The in-
tensity ratio of D to G bands (Ip/Ig) was slightly reduced in rGO as
compared to GO, suggesting a decrease in defect density and an increase
in the graphitic nature of the material. The presence of defects was,
however, still evident, which can be beneficial for the material’s func-
tionality as an adsorbent. Thermogravimetric analysis (TGA) under air
revealed that rGO exhibited stability up to 600 °C, after which total
oxidation occurred, while GO had ca. 50 % weight loss already at 300 °C.

2.2. Bulk adsorption

2.2.1. Langmuir and Freundlich model fits to isotherm

To characterize the equilibrium interaction properties of rGO with
Hg?" cations, batch adsorption experiments were conducted at 298 K,
whereas the adsorption isotherm can help to elucidate the nature of the
adsorption sites and the mechanisms involved, using the adsorption
capacity (qe / mg-g 1) as a function of the equilibrium concentration (Ce
/ mg-L’l) of the adsorbate (Fig. 1) [12].

Using these data, the adsorption capacity was calculated as:
g = M
where g; (mg-L™Y) is the time-dependent adsorption capacity (and q; =
qe when equilibrium is achieved), Cy is the initial concentration of
adsorbate, C; (mg-L’l) is the time-dependent solution concentration
(and C; = C. at equilibrium), and d (g-L’l) is the dose of adsorbent
applied (i.e. adsorbent mass divided by the adsorbate solution volume).
The experimental data was then fit using Langmuir and Freundlich’s
models based on the following equations:

qmaxKL Ce

—_ 2
1+ K.C. 2

qe =

1
KpCen 3

whereby the equilibrium adsorption capacity (qe) is correlated with the
equilibrium concentration (C.) by providing intrinsically dependent
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Fig. 1. Adsorption isotherm at 298 K using a dose of rGO of d = 0.5 g-L ! and initial concentrations ranging from Co = 50 mg-L ! to 1000 mg-L ™! at pH = 3. a) The
dashed curves are the non-linear fitting of Freundlich (blue) and Langmuir (red) models; b) Linear fit of Langmuir model; c) Linear fit of Freundlich model.
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parameters. The Langmuir model in Eq. 2 uses the maximum adsorption
capacity (qmax) and the Langmuir equilibrium constant (K, / L-g_l),
related to adsorption energy, while Eq. 3 introduces the Freundlich
constant (Kg / (mg- g’1)~(L-mg’1)l/ M), related to the adsorption capacity,
and the heterogeneity factor n, which gives insights on adsorption
preferences. Finally, the linearization of Eqgs. 2 and 3 allows the
following expressions (Figs. 1b and 1c), respectively:

C, 1 C.
P (C)]
qe qmaxKL qmax
1
log(qe) = log(K) + log(C.) 5)

Upon linearization, the two models fit very well the experimental
data, with a correlation coefficient (R?-score) > 0.99 in both cases.
Generally, the fitting using the non-linearized equations provides a more
mathematically straightforward comparison between the different
models [13]. A summary of the parameters calculated using Eqs. 2 to 5 is
presented in Table 1.

The linearized models do not directly indicate the best fit for the
system, but parameter similarity between linear and non-linear fittings
suggests a good correlation with the underlying physical phenomena.
The Freundlich model fits the data better (R? > 0.99), which reflects the
heterogeneous surface of rGO, unlike the Langmuir model, which as-
sumes a homogeneous monolayer adsorption. The Langmuir model’s
high qmax (410 + 13 mg-g~!) highlights the strong rGO-Hg?' in-
teractions, but its low Ky, (< 0.1 L-g~1) suggests weak physisorption in
the non-functionalized regions of rGO, and its poor non-linear fit in fact
limits the model’s applicability.

On the other hand, the Freundlich model describes well the system’s
heterogeneity, with Kg indicating high affinity and 1/n (~0.2) showing
strong deviation from Langmuir’s linearity, in particular for higher
values of Cy. This describes a heterogeneous surface with the presence of
sites strongly interacting with the Hg?' cations, which thus are
responsible for the high uptake capacity of mercury, in particular at
lower concentrations, and also regions of lower affinity to the Hg?*
cations, possibly mainly related to physisorption, with increasing qe as
Cp increases.

2.2.2. Adsorption kinetics

The kinetics of adsorption was studied in a batch experiment to
better understand the nature of the interactions between the rGO surface
and the Hg2+ cations as a function of time (Fig. 2).

To fit the experimental data and describe the rGO-Hg system, the
most common methods are the pseudo-first order, pseudo-second order,
and Elovich models, described by Eqs. 6, 7 and 8, respectively [13]:

g = q.(1—e™) 6
- kzqgt
Tk @
1. 1
q = Blnt—o—ﬁlnaﬁ (8)

Here, the adsorption rate constants for the pseudo-first and second
order models are presented as k; (s’l) and ko (g~mg’1~s’1), respectively,
while the Elovich model introduces the o (mg-g 's™%) and p (gmg™})
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parameters, related to the initial sorption rate and to the influence of
surface coverage and the activation energy of the chemisorption process,
respectively. The linear fitting of these models was also considered and
calculated using Eqs. 9-11:

In(1 -3 = gt ©9)
g

t 1 t

t_* .t 10

g kaGZ  ge 10

Ing; = lnéJr (In(1 + apt)® an

The pseudo-first order model assumes non-reversible adsorption on
localized sites without interactions between sorbed ions, with a constant
adsorption energy, and a monolayer forming at saturation. In contrast,
the pseudo-second order model assumes a similar localized adsorption
process but with kinetics governed by a second-order rate equation,
reflecting a greater dependency on site availability. The Elovich model,
however, introduces interactions between sorbed ions and considers the
adsorption energy to increase linearly as a function of surface coverage.
This thus accounts for more complex adsorption dynamics, including
negligible initial uptake and an exponential phase, making it more
versatile for heterogeneous systems as compared to the simplified as-
sumptions of the pseudo-first and second-order models [13]. A summary
of the calculated kinetics parameters and the constants can be found in
Table 2.

The fast sorption kinetics (Fig. 2a) enables equilibrium after only
20 min of contact with the adsorbent. The maximum adsorption ca-
pacity of 293 mg-g~! at 60 min of adsorption is a relatively high value
for Hg?* and agrees with the isotherm experiments. For both the non-
linearized pseudo-first and pseudo-second order models, the calcu-
lated qe are very similar to the experimental, and especially the latter fit
well with an R? > 0.92. The pseudo-first order model fit fails at the
beginning of the adsorption data. The adsorbate is rapidly trapped for
the first 5 min, followed by slower adsorption from 5 to 15 min, and
finally, equilibrium is reached. This behavior is more accurately
described by the pseudo-second order model, as the availability of sites
is taken into account. The Elovich model provides the best non-linear fit
and exhibits a good linear correlation. It describes well the three zones in
time, evidencing two distinct types of sorption that could occur at
different sites. Different models can take into account diffusion-limiting
steps of sorbate from solution to the adsorbent bulk, as well as intra-
particular diffusion, confirming that more than one mechanism is gov-
erning this adsorption process (Figure S1).

2.3. Microfluidic adsorption

2.3.1. Local structure around the mercury cations

The adsorption of Hg?* cations by rGO was followed in real-time by
in situ XAS measurements by tracking the changes in the mercury signal
above the Hg Ls-edge (Fig. 3a).

The XANES and EXAFS spectra measured for a water solution
(dashed black lines in Fig. 3a,b) are characteristic of Hg2+ coordinated
with six water molecules, in agreement with previously reported data
[14]. Immediately after the beginning of adsorption in rGO, a decrease
in the first coordination shell occurs (from dashed black to solid blue in

Table 1
Adsorption isotherm calculated parameters.
Model Ky Gmax K n R?
g™ (mg-g ") (mg-g H)-(L-mg 1M
Non-linearized Langmuir 0.06 + 0.05 383 + 40 - - 0.760
Freundlich - - 124 +13 53+0.5 0.968
Linearized Langmuir 0.05 £ 0.02 410+ 13 - - 0.994
Freundlich - - 134+5 5.8+0.3 0.993
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Fig. 2. Bulk adsorption kinetics at 298 K with a dose of rGO of d = 0.5 g-L %, Co = 300 mg-L " and pH = 3. a) Non-linear fitting of pseudo-first order (blue), Pseudo-
second order (red) and Elovich (green) models before reaching equilibrium conditions; b), c) and d) are the linear fitting of the same models, respectively.

Table 2
Calculated kinetics parameters.
Model Qe (mg-g™) Constant 1 Constant 2 R?
Experimental 293
Non-linearized Pseudo-first order 280 +9 Ki =68+9x 10 2min ' 0.855
Pseudo-second order 285+ 5 Ky =25+3x 10 *gmg 'min! : 0.928
Elovich - =11+ 2 x 10> mg-g~*min~! p=23+1x10"°gmg? 0.991
Linearized Pseudo-first order 178 +9 Ki =9.3+0.4 x 10 2min ! - 0.970
Pseudo-second order 296 + 8 Ky =14+2 x 10 * gmg 'min! - 0.989
Elovich - a=16+1 x 10> mg-g~"-min~! p=25+1x10">gmg™’ 0.980

Fig. 3b). The fitting of the blue spectrum gives the coordination number
of 1.6 = 0.6 and interatomic distance of 2.11 = 0.03 A, corresponding
to C neighbours (C/N/O are indistinguishable by EXAFS). The total
mercury loading per volume of sample (internal sampled volume of the
tube, in cm®) was also calculated based on the edge jump at Hg Ls-edge
(grey line, Fig. 3c). The maximum loading was reached after 40 min, as a
result of the accumulation of Hg?" cations in the rGO due to adsorption.
After this plateau, the total mercury loading slightly decreases as more
solution keeps flowing, indicating the possible attainment of a satura-
tion equilibrium. This behavior implies that as adsorption sites become
increasingly occupied over time, new chemical environments around
the mercury ions form. This has a direct correlation to the thermody-
namic and kinetic descriptions of the system, which would first promote
the interactions between the Hg?" cations to the rGO functional groups
(Fig. 3b). During the sorption process, the speciation of Hg changes,
which is evidenced by both XANES and EXAFS spectra (Figs. 3a, 3b,
from blue to red). In XANES region, the increase in the pre-edge is
accompanied with a flattening of the resonance after the edge respon-
sible for the transition of electron to the unoccupied molecular d-or-
bitals, while in EXAFS, the decrease of the Hg—C contribution is
observed (in the region from 1 to 2 A, phase-uncorrected), both

indicating a weakly coordinated Hg? -species [14]. Both facts indicate
that most Hg-species in the sample represented by the red spectra are
indeed physisorbed and not chemisorbed.

Fig. 3c also shows the mercury loading of each species, red and blue,
as a function of adsorption time. Initially, blue species increase rapidly
in concentration, up to its maximum at around 30 min, and gradually
decrease after that. The red species start appearing slowly after
t = 10 min and gradually take over the main contribution as the blue
species decreases after 30 min, reaching a plateau of around
12 mg-cm 2 after 60 min. If we attribute the red species to physisorbed
Hg2+ cations, it is reasonable to think that, as a less favorable process, it
was competing with the blue species in the beginning, when it finally
increased in significance and reached saturation as all the available rGO
sites were occupied. On the other hand, in the case of the blue species, its
contribution to the spectra decreases continuously after ca. 30 min.

This new phenomenon can tentatively be explained by the substi-
tution of the already adsorbed Hg?* cations by incoming H30™ from the
flowing solution. It is also reasonable to assume that the physisorbed
species, less strongly bound to the solid, are washed away by DI water
when recovering the filtered solid residue, leading to a spectrum of the
dried rGO/Hg,gs being more similar to the adsorption beginning (blue)
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Fig. 3. a) Evolution of mercury Ls-edge XANES spectra with time (from blue to red) upon cations adsorption, with the spectrum of Hg(NO3), solution shown in
dashed grey. b) FT-EXAFS spectra of the first (blue) and an average of the last 10 spectra (red) collected during sorption with the spectrum of Hg(NO3), solution
(dashed grey). ¢) Concentration profiles of mercury species per volume of capillary as a function of adsorption time, calculated based on the jump at Hg L3-edge. Total
mercury loading is shown in grey, and its components are the red and blue lines relative to two different Hg species, whose spectra are shown in (a) (blue, related to

the early stage of adsorption, and red, predominantly to its end after 150 min).
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(Figure S2). Furthermore, in bulk adsorption, it is clear that Hg?" ex-
changes for H30" from the rGO, as the pH of the solution decreases
constantly as the adsorption takes place (Figure S3). To give further
support to this assumption, Figure S4 demonstrates that the Hg?" cat-
ions remain heterogeneously distributed at the rGO surface, preferably
at smaller adsorbent particles rather than at big flat surfaces, which
corroborates the hypothesis of washing out Hg?" cations by the
incoming solution.

2.3.2. Electrochemical quartz crystal microbalance with dissipation
monitoring (EQCM-D)

The adsorption of Hg> cations from a 50 mg-L~! solution was
monitored under flow conditions using rGO deposited onto a carbon-
coated electrode on an EQCM-D quartz crystal. The variations in fre-
quency and dissipation were tracked alongside the open circuit voltage
(OCV), highlighting the fast adsorption of Hg?* ions by a thin drop-
casted layer of rGO, as illustrated in Fig. 4.

Initially, both electrodes are exposed to water (t= 0-15 min),
showing stable frequency and dissipation values. Upon introduction of
Hg?* cations at t = 15 min, a decrease in frequency and an increase in
dissipation are observed for the rGO-coated electrode, indicating a sig-
nificant mass increase. This effect is absent in the clean electrode, which
serves as a baseline for the influences caused by the change in the
flowing solution (ionic force, pH, viscosity, etc). The electrode’s OCV
varied as the solution changed from water to mercury nitrate, as a result
of both the ionic force increase, as evidenced by the reversible OCV
change on the clean electrode, as well as by the interaction of the cations
to the surface, as evidenced by the irreversible OCV change in the rGO-
coated electrode.

Frequency changes are observed in both electrodes when the flowing
solution changes, regardless of adsorption. However, on the clean
electrode surface, the frequency and dissipation changes are minimal
and reversible, indicating no significant mass adsorption or structural
changes. The introduction of Hg** to the rGO-coated electrode, on the
other hand, results in significant, irreversible decreases in frequency and
increases in dissipation, which do not revert to baseline levels upon
subsequent water washes. The small decrease could be due to the
removal of weakly physisorbed Hg?" cations, which indicates a majority
of strong and irreversible adsorption of Hg?* ions onto the rGO layer.

The mass variation was estimated from the average changes in the
5th and 7th harmonics, chosen for their stability and consistency during
the experiments (Fig. 4b), using the Sauerbrey equation:

Am = 7A7v2/}ql:q%f 12
0

Here, the mass variation Am (g) in the piezoelectrically active crystal
area A (cm?) is directly related to the variation in frequency Af (Hz)
normalized by the overtone number n =1, 3, 5... using a correlation
constant that considers the fundamental frequency of the quartz, f, (Hz),
its specific density pq (g-cm®) and its shear modulus Uq (g-em~1s7Y). The
mass variation for the rGO-coated electrode increases rapidly upon Hg**
introduction, reaching a plateau at around 0.26 pg, indicating the
saturation of the adsorbent (Fig. 4c). Given the deposited rGO mass of
approximately 6 pg (30 pg-cm™2), this qualitatively represents an
adsorption capacity of ca. 50 mg-g~!, which is in agreement with the
literature for this material [4,6]. In contrast, the clean electrode shows
negligible mass change throughout the experiment, reinforcing that the
observed mass increase is due to the rGO coating and not due to
nonspecific phenomena on the base electrode.

The same models as applied above to the adsorption kinetics data
were used to try to describe the adsorption phenomena as tracked by the
EQCM-D (Fig. 4d). All three adsorption kinetic models fit the experi-
mental data very well R? > 0.97), but the pseudo-second order model
fits particularly well, which could indicate a higher sensitivity of EQCM-
D to the sites’ energy increase with occupation. This fact also correlates
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with the rapid initial occupation of chemisorption sites presented in
Fig. 3c, followed by a preferred physisorption as the sites become pro-
tonated, and a plateau in Hg loading, indicated by the mass increase.

3. Experimental
3.1. Synthesis procedures

Synthesis of graphene oxide (GO). GO was synthesized from graphite
powder via an improved Hummer’s method, following the procedure
outlined in a previous publication [6]. In brief, graphite was oxidized in
a sulfuric and phosphoric acid mixture with potassium permanganate as
the oxidizing agent. The mixture was stirred at 50 °C for 3 h and then at
room temperature for 3 days. The resulting solution was added with DI
water and 3 mL of Hy0,. The product was washed several times with
HCI and DI water, followed by sonication and centrifugation to obtain a
stable ~10 mg-mL~! GO aqueous suspension.

Synthesis of reduced graphene oxide (rGO). The rGO was prepared
by diluting the GO suspension to 1 mg-mL~}, adding 35 mL into 50 mL
Teflon-lined hydrothermal reactors, and heating it to 180 °C for 12 h.
The resulting rGO foam was washed with DI water and freeze-dried, as
described previously [6].

3.2. Adsorption experiments

Standard mercury (II) cation solutions. A 1000 mg~L’1 solution of
Hg** cations was prepared by dissolving 854 mg of Hg(NOs)2>-H-0 (>
98 %, Thermo Scientific) in DI water with the help of concentrated
HNOg, to a final volume of 500 mL, with the assumption that 1 mg-L’1
~ 1 mgkg™! for DI water. Other concentrations of mercury solutions
were achieved by appropriate dilutions with DI water, and the pH was
adjusted using 50 mM HNO3 and NaOH solutions.

Batch adsorption isotherm and kinetics. The adsorption isotherm
studies were conducted using an rGO dose of 0.5 g-L"! (3 mg of rGO in
6 mL of solution) and a range of initial Hg2+ ion concentrations of Cy
=50, 100, 200, 300, 400, 600, 800, and 1000 mg-Lfl. The pH was
adjusted to 3 using drops of 50 mM NaOH and HNOs solutions. The glass
vials were kept inside a thermal bath with a controlled temperature of
298 K, and the mixture was vigorously stirred overnight. After the
equilibrium was reached, the solutions were collected with syringes and
filtered through PVdF filters (Acrodisc® 0.45 pm, 25 mm @) for con-
centration analysis using calibrated X-ray fluorescence (XRF).

The kinetics study was performed using a 300 mg-g~! solution of
Hg?* cations with an adjusted pH of 3. The rGO was added in a dose of
0.5 g-L. 7! and vigorously stirred to ensure the immediate dispersion of
the whole powder. Solution samples were collected with syringes after
certain time intervals (from 0.5 to 120 min), filtered through PVdF fil-
ters, and the concentration was measured using XRF.

3.2.1. XAS experiments

Hg Ls-edge XAS data collection was performed at the CLEASS
beamline of the ALBA synchrotron (Barcelona, Spain). Ca. 2 mg of the
sample was loaded inside the PTFE tube with an inner diameter of
1.6 mm (1/16”) and flushed using a syringe pump with the DI water at
2 mL-min~}, ensuring the sample was completely free of air bubbles.
Then, the solution of 300 mg-L™! Hg at pH =3 was introduced at
1 mL-min~! with continuous measurement of XAS spectra in trans-
mission mode using ionization chambers. The beam was focused down
to 0.3 x 0.2 mm and aligned with the sample. Si (111) monochromator
was operated in continuous scanning mode, resulting in 1 spectrum
every 3 min. The obtained dataset was processed and analyzed on a self-
written Python code using the Larch and PyFitit libraries [15,16].

3.2.2. QCM-D flow-cell experiments
Electrode Preparation. A 5 MHz QCM quartz crystal covered with a
5 mm diameter gold electrode was used as a support for the adsorption
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experiments. The gold was initially coated with an indium tin oxide
(ITO) layer followed by 100 nm graphitic carbon deposition to avoid
undesired interactions with the mercury in solution. The rGO powder
was dispersed at 5 mg-mL ™! in N-methyl-2-pyrrolidone (NMP), and the
appropriate volume was drop-cast at the surface of the electrode to
obtain a final mass loading of around 30 pg-cm 2.

Flow-cell. A peristaltic pump was used to keep the solution flux at
0.1 mL-min ! to avoid turbulent measurements, and the temperature of
the system was kept constant at 25 °C using a modular control. Initially,
DI water was fluxed to remove any bubbles from the capillaries until the
system and frequencies measured were stable. Milli-Q water was then
fluxed for 15 min, followed by a 50 mg-L~! Hg?*" ions solution at pH 3
for 90 min, and finally washed again using Milli-Q water.

4. Conclusions

Through combining microfluidic in situ XAS and EQCM-D, we
demonstrate how a more comprehensive understanding of the adsorp-
tion dynamics and species involved in the adsorption of Hg?* cations by
rGO can be obtained. The batch isotherm and kinetics studies showed
clear adsorption stages, where initially, the fast interactions with the
oxygenated functional groups at the surface of the rGO, by chemisorp-
tion, occur, resulting in a high rate of mercury uptake. Subsequently, the
predominant mechanism is based on electrostatic interactions with the
n-electrons of the graphene structure of rGO. Finally, all thermody-
namically available sites are occupied and equilibrium reached.

The EQCM-D data provide the mass changes and viscoelastic prop-
erties of the adsorbent layer under dynamic flow conditions. The sig-
nificant frequency shifts observed upon the introduction of Hg** ions to
the rGO-coated electrode confirm the effectiveness of the adsorption
process. The in situ XAS offers real-time tracking of the local atomic and
electronic changes around mercury ions during adsorption, and the
evolution of the mercury Lz-edge spectra indicates a transition from a
disordered to a more defined coordination environment, reflecting the
progressive electrostatic interaction of Hg?* ions with the rGO surface.

We identified two distinct mercury species, which can be correlated
with the structural organization of adsorbed mercury cations with the
rGO functional groups and, finally, the carbon surface of rGO. Initially,
the chemisorbed species rapidly occupy the available sites, followed by a
modest contribution of electrostatically adsorbed cations. The latter
increases its adsorption rate as the chemisorption sites get saturated, and
finally, the chemisorbed species are released in acidic flow conditions in
exchange for H30™ cations in solution.

The integration of microfluidic systems provided a detailed temporal
and structural resolution of the adsorption events, allowing the formu-
lation of potential mechanisms of interaction between the heavy metal
ions and the rGO-based adsorbent. This study not only confirms rGO as
an effective adsorbent for mercury ions but also provides new mecha-
nistic insight into the adsorption process, using a simple and reproduc-
ible flow process. Moreover, this unique study coupling different
operando techniques opens the way for more in-depth investigations of
adsorption processes in flux of different kinds of materials, including
rGO and many others currently emphasized in literature data, such as
activated carbon and MXenes.
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