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ARTICLE INFO ABSTRACT

This work combines, for the first time, 3D-printing technology and a highly efficient metal organic framework
(Ca-MOF) as an electrode modifier to produce a novel fully integrated lab-in-a-syringe device for the sensitive
determination of Hg(II) by anodic stripping voltammetry. The specific Ca-MOF ([Ca(H4L)(DMA),]-2DMA where
HeL is the N,N’-bis(2,4-dicarboxyphenyl)-oxalamide and DMA is the N,N-dimethylacetamide) shows an excep-
tional Hg(II) sorption capability over a wide pH range and its mechanism is elucidated via spectroscopic and X-
ray diffraction studies. The voltammetric lab-in-a-syringe device is fabricated through a single-step process using
a dual extruder 3D printer and is composed of a vessel integrating two thermoplastic conductive electrodes
(serving as the counter and pseudo-reference electrodes) and of a small detachable 3D-printed syringe loaded
with a graphite paste/Ca-MOF mixture (which serves as the working electrode). After optimization of the fab-
rication and operational variables, a limit of detection of 0.6 pg L™ ! Hg(II) was achieved, which is comparable or
lower than that of existing sensors (plastic 3D-printed, gold and MOF-based electrodes). The adoption of 3D
printing technology in combination with the highly efficient Ca-MOF enables the fabrication of a simple, low-
cost and sensitive electrochemical sensor for Hg(II), which is suitable for on-site applications.
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other hand, anodic stripping voltammetry (ASV) has been established
as a very competitive technique for heavy metals analysis, since it offers

1. Introduction

Heavy metals are non-biodegradable and accumulate in the human
tissues mainly through the food chain, while they are toxic even at trace
levels. Among them, mercury is extremely toxic as it damages many
human organs and causes serious diseases like Minamata disease and
congnitive disorder [1-3]. Due to the high toxicity of mercury, sensitive
analytical methods are required, especially for samples of high con-
sumption such as fish products and drinking water [4,5]. Commonly,
spectrometric techniques [6-11] are applied to mercury determination
but they require well-trained technicians and complex, expensive and
bulky instrumentation, which restrict their on-site applications. On the
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high analytical sensitivity combined with fast and simple protocols, as
well as with inexpensive and portable instrumentation [12].

Gold electrodes are the commonest transducers for the ASV de-
termination of Hg(II), as mercury undergoes underpotential deposition
at gold surfaces which facilitates the accumulation process [13-19].
These electrodes are mainly produced through screen-printing and
microfabrication procedures. However, these step-by-step fabrication
approaches are time-consuming, produce waste and require bulky
equipment and expensive materials (i.e. masks and screens, inks and
metallic targets) [15,14-19]. On the contrary, three-dimensional (3D)
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printing can address many of these drawbacks. 3D printing is an easy,
quick, inexpensive and flexible process, which is based on the CAD
design of the device and its printing by thermoplastic filaments which
are heated to a semi-molten state via extruders. The key features of 3D-
printing (desktop-sized equipment, extremely low capital and materials
costs, high fabrication speed and reproducibility, flexibility in design,
ease of operation, transferability, eco-friendliness) make it a viable al-
ternative for the fabrication of electrochemical sensors [20-24], while
recent works have demonstrated that 3D-printed electrodes can be
applied to mercury monitoring [22,21-24].

Nowadays, materials that can perform the dual function of sorption
and sensing of heavy metals are very attractive and, lately, metal or-
ganic frameworks (MOFs) have been successfully tested in this role
[25-32]. MOFs are polymeric metal complexes consisting of metal ions
or clusters interconnected via polytopic organic ligands and are con-
sidered a subclass of coordination polymers. MOFs present excellent
features, such as porous structure with tunable pore sizes, variety of
functional groups and adjustable chemical functionality [25-34].
Nevertheless, the use of MOFs as electrode materials/modifiers can be
considered still unexplored, since only a few reports have appeared in
the pertinent literature dealing with the voltammetric determination of
heavy metals [26-32,34].

The main procedure for the fabrication of MOF-based electrodes
follows a complex workflow based on drop-casting of a MOF on the
surface of a glassy carbon electrode [27-31,34]. According to this
protocol, before every electrochemical measurement, the electrode
surface must undergo a multi-step pre-treatment and modification
procedure, therefore, these MOF-based electrodes cannot be considered
as stand-alone sensors. Regarding Hg(II) voltammetric determination at
MOF-based electrodes, there are only two recent reports applying drop-
casting on glassy carbon of a non “green” Cr-MOF and a Zr-MOF
composite with graphene aerogel [27,34]. Except from the multistep
construction, another significant drawback of the existing MOF-based
sensors is that the electrochemical measurements are carried out in
“large-volume” electrochemical cells using conventional “large-size”
external reference and counter electrodes.

We reported a 2D Ca-MOF ([Ca(H4L)(DMA),]-2DMA where HgL is
the N,N’-bis(2,4-dicarboxyphenyl)-oxalamide and DMA is the N,N-di-
methylacetamide) which is insoluble in aqueous media and presents
sorption and exchanged properties towards several heavy metals ca-
tions [32,35]. Here we show that this Ca-MOF is a highly efficient Hg
(II) sorbent with rapid sorption kinetics and motivated by these ex-
cellent features, we employ it as an electrode modifier and produce a
novel 3D-printed lab-in-a-syringe device for Hg(II) determination. The
device is entirely fabricated by a single-step approach using a dual
extruder 3D printer and two different filaments (Fig. 1). The lab-in-a-
syringe device is composed of a small cell printed from a non-con-
ductive polylactic acid (PLA) filament and of two electrodes (serving as,
counter (CE), pseudo-reference (RE)) printed on the sides of the vessel
from a conductive carbon-based PLA filament. The device also contains
a mini detachable 3D-printed syringe printed from non-conductive PLA
filament and loaded with graphite paste (GP) modified with the Ca-
MOF serves as the working electrode (WE), while a conductive plunger
(printed from conductive PLA filament) establishes electric contact of
the WE with the potentiostat. The WE surface can be renewed by ap-
plying slight pressure on the syringe plunger and removing the excess of
the material at the tip of the syringe. The device exhibits enhanced
electroanalytical characteristics and is applied to Hg(II) ASV determi-
nation in bottled water and spiked fish oil samples. Overall, this work is
the first to combine a MOF as electrode modifier with 3D printing
technology in order to develop a voltammetric device.

2. Experimental section

The reagents and apparatus, the synthesis of the Ca-MOF, the batch
ion-exchange studies, the fabrication process of the 3D-printed sensor,
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Fig. 1. (A) The dimensions of the 3D-printed lab-in-a-syringe cell (in cm). (B)
Photograph of the main parts of the device. (C) Photograph of the complete
device.

the ASV measurement procedure and the treatment of fish oil and
bottled water before their ASV analysis are described in the Supporting
Information.

3. Results and discussion
3.1. Sorption study

3.1.1. Sorption kinetics

The sorption kinetics was determined through variable time sorp-
tion experiments. The results indicated that the capture of Hg(II) by Ca-
MOF was remarkably fast, with ~ 92 % of the initial Hg(II) content
(Co = 1mgL™", pH ~7) removed within only 1 min Ca-MOF / solution
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Fig. 2. (A) Fitting of the kinetics data with the Lagergren's first-order equation
for the sorption of Hg(II) by the Ca-MOF. (B) Isotherm data for Hg(II) sorption
by the Ca-MOF. The red line represents the fitting of the data with the Langmuir
model. (C) Percentage (%) sorption of Hg(II) by the Ca-MOF at pH range 2-8
(initial concentration = 1 mgL~') (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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contact (Fig. 2A). Interestingly, the sorption equilibrium was reached at
the 2nd min of solution/ Ca-MOF contact with more than 98 % Hg(II)
removed by Ca-MOF. The data can be fitted very well with the La-
gergren’s first order equation:

q = q.[1 — exp(=K.1)]

where q. = the amount (mg g_l) of Hg(II) removed in equilibrium, K,
= the Lagergren or first-order rate constant (Fitting parameters: q, =
0.98 = 6.7 x10* mg g~ !, K, = 2.61 = 0.03min"}, R> = 0.99)
[36].

3.1.2. Sorption thermodynamics

The equilibrium analysis was needed to better understand the
sorption process. The best fitting of the equilibrium sorption data of Hg
(II) by the Ca-MOF was achieved by the Langmuir equation [37]:
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bC,
1+ bC,

q=qm

where q (mg g~ ') is the amount of the Hg(II) sorbed at the equilibrium
concentration C, (mg L™ 1), g,, is the maximum sorption capacity of the
sorbent, b (L mg ) is the Langmuir constant related to the free energy
of the sorption. The fitting of the data with the Langmuir model is
shown in Fig. 2B.

The maximum sorption capacity was estimated to be 255 + 24 mg
Hg(ID) (R? = 0.92) per g of Ca-MOF, which is close to the theoretically
calculated sorption capacity for the sorption of one Hg(II) per formula
unit (i.e. per one Ca®"). The calculated q, for Hg(ll) sorption is
250 mg g~ ' of Ca-MOF. A comparison of the Hg(II) sorption properties
of Ca-MOF with those of state-of-the-art sorbents is provided in Table
S1. Although several reported sorbents show higher maximum Hg(II)
sorption capacities than that of Ca-MOF, the latter displays faster
sorption capability and higher selectivity for Hg(II) (see below) vs. most
of known materials.

3.2. Variable pH studies

The Ca-MOF MOF material was found to be capable to remove Hg
(II) from aqueous solutions of a relatively wide pH range (pH = 2-8,
Fig. 2C). Specifically, the capture of Hg(II) seems not to be influenced
significantly at pH 3-8, with the percentage of Hg(II) removal to be
higher than 91 %. At pH ~ 2, the Ca-MOF removed 63 % of the initial
Hg(II) content (Co = 1mgL™1'), indicating an efficient sorbent even
under highly acidic conditions. Similar results were obtained from the
electrochemical studies, discussed below.

3.3. Selectivity studies

The selectivity of Ca-MOF for Hg(II) vs. other heavy metals, such as
Pb(ID), Cd(ID), Cu(Il) was investigated in an aqueous solution containing
1mgL~" of each metal ion (pH = 7 + 0.02). The sorption capacities
of Ca-MOF were estimated to be 96.1 %, 71.4 % and 31.5 % for Hg(II),
Pb(II) and Cd(II), respectively, while no Cu(II) removal was observed
(Table S2). Furthermore, the selectivity of Ca-MOF for Hg(II) towards
the aforementioned heavy metal ions was studied in natural spring
water (intentionally contaminated by 1mgL~' of each metal ion),
which contains common competitive non-toxic cations such as alkali
and alkaline earth metal ions as well as several anions in relatively high
concentrations (i.e. 93.1mgL~! Ca®**, 1.9mgL™' Mg>*, 2.6 mgL™*
Na*t and 0.7mgL™! K*, HCO5* 299mgL™!, Cl- 8.7mgL™", SO,*
12mgL~ !, NOs- 7.9mgL~%, pH = 7 + 0.02). The sorption capacities
of Ca-MOF were determined 73 % and 77 %, for Hg(Il) and Pb(ID),
respectively, but no sorption for Cd(II) and Cu(II) was observed
(Table 1). Thus, the sorption efficiency of Ca-MOF for Hg(II) seems not
to be influenced significantly from the presence of several competitive

Table 1
Selected results for Hg(II) sorption by the Ca-MOF.
Sample Co (ugL™Y) Ce(ugL™ %removal
Hg(D* 1000 20 98.0
Mixture of ions” 1000° 39 (Hg), 96.1 (Hg),
286 (Pb), 71.4 (Pb),
685 (Cd), 31.5(Cd),
1000 (Cu) 0 (Cuw)
Mixture of ions® 1000" 270 (Hg), 73 (Hg),
230 (Pb), 77 (Pb),
1000 (Cu) 0 (Cuw)

@ Distilled water (pH = 7 = 0.02).

Y Initial concentration of each ion.

¢ Natural spring water with Ca®* 93.1mgL~!, Mg®* 1.9mgL™"', K*
0.7mgL™*, Na* 2.6 mgL~!, HCO;* 299 mgL?, Cl- 8.7mgL?, SO, 12mgL?,
NO;- 7.9mgL!, pH = 7 = 0.02).
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cations, indicating Ca-MOF as an efficient sorbent and also promising
for the remediation of real-world wastewater.

3.4. Characterization of H3@CaMOF - mechanism of ion exchange

We employed a number of physical, spectroscopic and X-ray dif-
fraction methods to characterize the Hg@Ca-MOF and gain insight into
the possible mechanism of the Hg(II) sorption process. In our previous
studies, it was clear that Ca-MOF was capable of exchanging the Ca®*
ions by other divalent metal ions, such as Pb(II), Cd(II), Ni(II), Zn(II) or
Cu(ID), when immersed in their aqueous solutions as evidenced by the
absence of Ca®™ in the final M-MOFs [M(II) = Pb(II), Cd(II), Ni(Il), Zn
(ID) or Cu(I)] materials [32,35]. Unlike our previous results, the Energy
Dispersive Spectroscopy (EDS) analyses of the Hg@Ca-MOF indicated
the presence of both Ca?* and Hg(II) ions (Fig. S1) while the PXRD of
the Hg@Ca-MOF (Fig. S2) was not informative, revealing low degree of
crystallinity as a result of the particularly fast ion sorption process. In
order to gain some insights on the nature of the Hg@Ca-MOF material
we compared the IR spectra (Fig. S3) and TGA graphs (Fig. S4) with the
respective data from all other M-MOFs [M(II) = Pb(II), Cd(II), Ni(II),
Zn(II) or Cu(D]. All IR spectra of the M-MOFs and Hg@Ca-MOF are
missing the characteristic DMA bands and look similar but with no-
ticeable differences. Indeed, none of the M-MOFs IR spectra matches
perfectly the IR spectrum of Hg@Ca-MOF. The TGA graphs of the M-
MOFs and that of Hg@Ca-MOF show that all materials contain various
amounts of H,O (weight losses at temperatures below 150 °C), while
they are stable up to ~ 320 °C. After that temperature, they decompose,
with the Hg@Ca-MOF exhibiting quite different decomposition profile
than all other materials. Both IR and TGA indicate that Hg@Ca-MOF is
quite different from all other M-MOF materials.

We also aimed at synthesizing new frameworks by reacting Hg(II) or
mixtures of Hg(II) and Ca?* with the oxalamide ligand, HeL, in order to
obtain indirect information about the material that resulted after the
immersion of the Ca-MOF into the Hg(II) solutions. All attempts to
isolate a mixed Hg(II)/Ca2+ product resulted in crystalline Ca-MOF as
confirmed by obtaining the cell parameters from single-crystal x-ray
data. However, the reaction of HgCl, with HgL in a mixture of DMA/
1,4-dioxane gave poorly diffracting single-crystals of [Hg(H4L)
(DMA),],, (synthetic details, crystallographic Table S2, crystal structure
description and Figs. S5-S6 in the Supporting Information) which
cannot be considered as a good model for the Hg@Ca-MOF since it
comprises only Hg(II) while Hg@Ca-MOF comprises both Hg(II) and
Ca®* ions, as evidenced by the EDS.

Our final step to obtain structural information about the Hg@Ca-
MOF was the use of high-energy XRD experiments coupled to atomic
pair distribution function analysis (PDF). The experimental atomic
PDFs (Fig. S7) show sharp peaks at low-r distances reflecting the pre-
sence of well-defined short-range atomic order and subsequent broad
oscillations indicating the presence of medium-range atomic order. As
can also be seen in Fig. S7, the atomic PDF for Hg@Ca-MOF is not
similar to all other M-MOFs, neither matches the computed PDF of [Hg
(H4L)(DMA),],.. Interestingly, the experimental PDF of Hg@Ca-MOF,
does show two rather well-defined peaks in the vicinity of 2.4 and
2.8 A. These peaks may be attributed to Ca-O and Hg-O distances, re-
spectively.

All the above indicate that Hg@Ca-MOF is not similar to any of the
other M-MOFs, since it comprises both Hg(II) and Ca?" ions (as evi-
denced by the EDS analysis) while the rest of M-MOFs contain only a M
(ID) [M(II) = Pb(Il), CA(II), Ni(II), Zn(II) or Cu(I)] and no Ca2*. The
only possible explanation for this is that the pristine Ca-MOF when
immersed in an aqueous solution of Hg(II) sorbs the targeted metal ion
without losing the Ca®*. This is possible only if the doubly deproto-
nated H4L?" in Ca-MOF deprotonates further (i.e. by becoming H,L*) to
stabilize the extra positive charge when Hg(II) is sorbed. Such me-
chanism of Hg(II) sorption is reminiscent of the Hg(II) capture by thiol-
functionalized sorbents (such as mesoporous silica [38], clays [39] and
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MOFs [40]), which is accompanied by the deprotonation of the thiol
groups accounting for the extra positive charge after the Hg(II) sorp-
tion.

3.5. Design and operational features of the 3D-Printed MOF-based sensor

The 3D-printing procedure was chosen for the fabrication of the
syringe-cell device in order to minimize the fabrication and cost dis-
advantages of existing screen-printed and microfabricated sensors used
for Hg(II) determination. In addition, the presented sensor overcomes
the limitations of the existing MOF-based sensors such as the need for
external electrodes and cells. To produce the MOF-based WE, we apply
a simpler fabrication process than drop-casting. The applied protocol is
based on the mixing of the appropriate small amount of MOF with
graphite paste and the packing of mixture in the 3D-printed syringe.
Following this process, ready-to-used sensors are produced, as the
surface of the WE is renewed via a slight pressure on the syringe
plunger. The cost of each device including the MOF (in terms of ma-
terials) is calculated at 0.264$ [bill of materials: conductive parts (2
electrodes and plunger): 0.022$, non-conductive parts (vessel and syr-
inge): 0.045$, MOF: 0.176$, GP:0.021$)].

3.6. Optimization of MOF loading, supporting electrolyte, preconcentration
potential and time

Different loadings of the Ca-MOF in the GP in the range 5-20 % (w/
w) were compared for the determination of Hg(II) by SWASV (Fig. 3A).
The response of unmodified GPE was very low and when the GPE was
modified with the Ca-MOF the peak height of Hg(II) increased in ac-
cordance with the increase in the concentration of MOF. Besides, at
modified Ca-MOF/GP electrodes better shaped stripping peaks were
obtained than at unmodified GP electrode (Fig. 3B). It has been shown
before that bare carbon-based electrodes exhibit low sensitivities and
require higher preconcentration times for mercury determination
[13,25,37]. As illustrated in Fig. 3A, the Ca-MOF/GPE at 10 % (w/w)
presented approximately 6 times higher stripping peak height than the
unmodified GPE, about 1.5 times higher sensitivity than that of 5 % (w/
w) loading and almost similar peak height with that of 20 % (w/w)
loading. Thus, a Ca-MOF/GPE at 10 % (w/w) was selected as the op-
timum loading combining lower consumption of Ca-MOF with better
stripping response.

In addition, the effect of the supporting electrolyte was investigated
by monitoring the stripping peak heights of Hg(II) at GPE modified with
10 % (w/w) Ca-MOF in different media: 0.100 mol L. ™! acetate buffer
(pH 4.5) and 0.100—0.001 mol L~ ! hydrochloric acid. The 0.100 mol
L™ ! acetate buffer (pH 4.5) exhibited the best background response and
high peak current of Hg(Il) and thus it was selected as supporting
electrolyte for the voltammetric experiments.

The effect of preconcentration potential on the stripping peak height
of Hg(II) was tested in the range —1.0 to —0.1V (with respect to
carbon pseudo-RE) in a solution of 20 pug L~ 'of Hg(II) (Fig. S8A). It was
found that the stripping peak current of Hg(II) was high and almost
constant at more negative potentials form —1.0 to —0.6V, and then
gradually decreased from —0.6 to —0.1V. Thus, the preconcentation
potential of -0.8 V was selected for further experiments.

The impact of electrolytic preconcentration time on the determi-
nation sensitivity of Hg(II) was also investigated in a solution con-
taining 20 ug L.~ ! Hg(Il). The stripping peak heights increased rapidly
and almost linearly at low preconcentration times (from 60—360s),
while the increase rate of the peak current of Hg(II) was significant
reduced when the preconcentration time was longer than 360s (Fig.
S8B). As a compromise between high sensitivity and short analysis
times, a preconcentration time of 360 s was finally selected.
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Fig. 3. (A) Effect of the concentration of the Ca-MOF at the GPE on the strip-
ping peak current values of a solution containing 20 pug L™* Hg(Il). Each bar is
the mean value * sd (n = 3). (B) Comparative stripping voltammograms of a
solution containing 20 ug Lt Hg(II) at GPE modified with Ca-MOF (10 % w/w)
(black line) and unmodified GPE (grey line) Supporting electrolyte: 0.100 mol
L~! acetate buffer (pH 4.5); preconcentration potential: -0.8 V; preconcentra-
tion time: 360 s.

3.7. Calibration features - Stability of the Ca-MOF sensor

Calibration for Hg(Il) at various concentrations was performed at
the Ca-MOF sensor using the following final conditions: supporting
electrolyte: 0.100mol L™ ' acetate buffer (pH 4.5); preconcentration
potential: —0.8V; preconcentration time: 360s; frequency: 50 Hz;
pulse height:40 mV; step increment: 4 mV. The sensor exhibited a linear
concentration dependence in the examined concentration range
[2-40ug L' for Hg(ID] with correlation coefficient (R%) 0.996, as
shown in Fig. 4. The limit of detection (LOD) was 0.6 ug L™ ! (calculated
using the equation LOD = 3sy/a, where sy is the standard deviation of
the y residual of the calibration plot and a is the slope of the calibration
plot). The LOD of the sensor compares well with that of gold modified
electrodes [13,14,17,22] and is lower than that of plastic 3D-printed
electrodes [23,24]. Compared with existing MOF-based electrodes for
Hg(I) determination, the LOD of the Ca-MOF-sensor is lower than that
obtained with the Cr-MOF electrode and comparable with that of the
Zr-MOF/graphene electrode [27,34].

The repeatability of the Ca-MOF-based sensor was examined by
assaying 20 ug L~ ! Hg(ll) for five repeated measurements and the %
relative standard deviation (RSD%) was calculated at 3.8 %. Besides,
three Ca-MOF/GPEs 10 % (w/w) were prepared for the determination
of 20 ug L™ ! Hg(Il) and the RSD% of the measurements for the three
sensors was 4.7 % (n = 3). These results showed satisfactory reprodu-
cibility of the syringe device. The stability of the sensor was also tested
over a period of 2 months and a t-test demonstrated that the voltam-
metric response of the sensor remained statistically stable.
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Fig. 4. (A) A series of SW voltammograms at the Ca-MOF/GPE (10 % w/w) for
increasing concentrations of Hg(II). From below: blank, 2.0, 5.0ug L™ and 7
successive additions of 5.0 ug L' of Hg(II). (B) The corresponding calibration
plot. Each bar is the mean value + sd (n = 3). Supporting electrolyte:
0.100mol L™ ! acetate buffer (pH 4.5); preconcentration potential: —0.8V;
preconcentration time: 360 s.

3.8. Interference study

The effect of different heavy metals which may interfere with the
determination of Hg(II) [i.e. Cu(I), Pb(Il), Cd(II) and Zn(II)] on the
stripping response of 20 ug L™t of Hg(II) at the Ca-MOF/GPE was in-
vestigated. Pb(II), Cd(II) and Zn(II) did not interfere with the analysis of
Hg(II) even at 10-fold higher concentrations over Hg(II). Cu(lIl) is
generally considered as the major interferences in the determination of
Hg(Il) either on bare carbon-based electrodes [41] or gold-based elec-
trodes [22,42], since this metal cation can readily preconcentrate on
these sensors and present a stripping peak that may overlap with that of
Hg(II). However, at the Ca-MOF/GPE in 0.100 mol L~ acetate buffer
(pH 4.5), Cu(Il) presented a stripping peak which was well separated
from the Hg peak (Fig. 5A).

3.9. Voltammetric analysis of real samples

In order to test the applicability of the syringe MOF-based sensors in
the real sample analysis with complex matrices, the device was applied
to the analysis of fish oil and a bottled water sample. In both samples
the recovery was calculated by spiking the samples with Hg(II) [final
concentration: 10 ug L~ Hg(I)] and performing the analysis by the
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Fig. 5. (A) SW voltammogram at the Ca-MOF/GPE (10 % w/w) in a solution
containing 10 pg L' of Cu(II) and 30 pug L ™! of Hg(II). (B) SW voltammograms
for the determination of Hg(Il) in spiked fish oil sample with 10 ug L.™* of Hg(II)
at the Ca-MOF/GPE (10 % w/w). From below: spiked sample and 3 standard
additions of 10 ug L' of Hg(ID). (Inset) Standard additions curve. Supporting
electrolyte: 0.100 mol L™ ! acetate buffer (pH 4.5); preconcentration potential:
—0.8V; preconcentration time: 360 s.

standard addition method. A series of voltammograms after standard
additions of Hg(II) in the fish oil sample is presented in Fig. 5B and the
standard additions plot is depicted as an inset. The mean recovery for
fish oil was 98 = 5 % (n = 3) and for bottled water 101 *= 4 %
(n = 3). These results indicate that the proposed device can be suc-
cessfully applied to on-site monitoring of Hg(II) in complex samples.

4. Conclusions

In this work, a new integrated 3D-printed lab-in-a-syringe cell using
a Ca-MOF as an electrode modifier was successfully developed for the
ASV determination of Hg(II). The high sorption capability of the Ca-
MOF enhances the sensitivity of the Hg(II) determination with a LOD of
0.6 ug L™, which is comparable or lower than that of existing sensors
(plastic 3D-printed, gold and MOF-based electrodes). The Ca-MOF
sensor is stable, reproducible and addresses the limitations of gold and
MOF-based electrodes for Hg(II) determination in terms of cost, fabri-
cation and operational simplicity. These features establish the Ca-MOF
based 3D-printed lab-in-a-syringe device as an excellent candidate for
simple and ultrasensitive determination of Hg(II) in complex matrices.
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