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Titration method (dropping-on method) was introduced as an efficient approach for determining the mercury ion (Hg2+)
concentration in aqueous solution by using fabricated cellulosic paper-based test strips. In this study, dithizone used as a rec-
ognition reagent was physically loaded on cellulosic paper-based test strips for Hg2+ selective recognition.7e sensing mechanism
was established on the spectral absorption rate of the coordination compound that was formed by dithizone and Hg2+ under
strong acidic conditions. 7e calibration curve was obtained by the absorbency of Hg2+-dithizone complexes from different Hg2+

concentration solutions, and the correlation coefficient (R2) reached 0.9971. 7e detection range of the test trip for Hg2+ was
obtained at 0.1 μg/mL to 30 μg/mL. Moreover, these superior cellulosic paper-based test strips have a rapid color-forming time
(1.5min) and low volume demand (3.7 μL samples at 0.0127 g/L dithizone recognition concentration). 7is portable paper-based
test strip can give potential applications for field screening or on-site semiquantitative analysis.

1. Introduction

Mercury is one of the most toxic elements to human health,
causing several symptoms related to polyneuropathy mer-
curialis, neurasthenia, etc. [1]. Mercury ions can persistently
exist in water environments and accumulate easily in or-
ganisms. Moreover, it has high toxicity, even in low con-
centrations [2]. 7erefore, mercury pollution is an
important issue that demands an ongoing development of
analytical procedures to ensure its reliable determination
[3, 4]. To fulfill the demands of the environmentally sus-
tainable oriented goal for determining mercury in various
matrices and at various levels of concentration, an essential
tool is needed to assure accuracy and establish the trace-
ability of the measured results. A lot of approaches have been
used to develop optical or visual disposable sensors for
mercury ion determination. 7e most common approaches

are methods with spectrometric detectors [5–7]. Meanwhile,
several compounds have been shown as selective for metal
analysis and used as receptors for the design of sensing
systems, ranging from alloys and amalgam [8] and synthetic
metal ionophores [9, 10] to biological receptors [9, 11].

A fluorescence-based paper test strip is developed by
using N-alkylaminopyrazole ligands for mercury detection
in water, and a linear range from 10 μg/mL to 100 μg/mL
mercury ion concentration ([Hg2+]) was achieved [2].
Meanwhile, pyrazole-derived ligands have been determined
to be suitable for the coordination of metal ions [12–14]. A
polyester sheet with a sensing area containing plasticized
polyvinyl chloride (PVC) was made by incorporating tet-
raarylborate salt as a selective recognition reagent and
a porphyrin proton-selective fluoroionophore as the optical
transducer for Hg2+ [15]. Later, Yallouz et al. incorporated
cuprous iodide (Cu2I2) carboxymethyl cellulose membranes
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on paper for Hg2+ in fish samples [16]. Shi and Jiang used
a pH indicator color for Hg2+ in waters with a detection limit
of 0.2 ng/mL under the inhibition of the different types of
enzymes [17]. Capitán-Vallvey et al. developed an irre-
versible optical test strip for mercury determination based
on an ion-exchange mechanism [18]. A circular sensing zone
containing the essential reagents was used to produce a se-
lective response for Hg2+ and consisted of plasticized PVC
incorporating the cation-selective neutral ionophore.
Chandio et al. also developed a PVCmembrane ion selective
ported to determine the Hg2+ in waste water [19]. Gur’eva
et al. developed a test method for the mercury(I, II) de-
termination by putting an intensely colored insoluble
compound on a polycaproamide membrane surface in weak
acid solutions depending on the reaction between mercury
(I, II) and 5-chloro-2-hydroxy-3-[(tetrahydro-2,4-dithioxo-
1,3-thiazin-5-yl) azo] benzenesulphonic acid [20]. However,
most of these methods require expensive chemicals and
instruments, and the treating procedure is complex and not
easy to handle. In addition, most of these test strips are based
on the plastic membrane technology. 7e used test strips are
not reusable and biodegradable after disposal. Also, as the
diffusion of Hg2+-containing solution in the plastic mem-
brane is very slow even there are plasticizers in the mem-
brane, the color-forming time usually needs a few minutes,
even a few hours, which is not suitable for on-site screening
analysis.7erefore, great emphasis still needs to be placed on
the development of a low cost and convenient method for
mercury determination.

Dithizone, as a kind of color-forming agent, has low cost
and efficiency advantages, which can produce colored
complexes between the color-forming agent in the paper
strip and Hg2+ in the sample [21]. Based on the reaction
between the dithizone and Hg2+ in the trichloromethane
under strongly acidic conditions, the paper-based test strip
for determining the concentration of Hg2+ in aqueous so-
lutions could be developed. 7e test strip reacted rapidly
with Hg2+ could lead to color formation of the test strip.
Subsequently, the test color liquid diffused in indefinite
directions due to liquid diffusivity. For the dipping-in
method, the absorbency value continued to increase with
the reaction time, and it was difficult to determine the result
of color forming due to the reaction of the test strip andHg2+
or liquid diffusivity.

7e aim of this work is to introduce an efficient and
simple approach to fabricate cellulosic paper-based test
strips by physically impregnating paper strips in dithizone-
containing solution to load dithizone into strips for de-
termining the Hg2+ in aqueous solution. 7is preparation of
the dithizone-loaded test strip is very simple and easily
operated using biodegradable materials, paper strips, at low
cost compared with other plastic-based test strips. In this
study, dithizone is used as a recognition reagent to achieve
selective recognition by Hg2+ with dithizone under strong
acidic conditions. 7e calibration curve and pertinence are
obtained by the absorbency from different concentrations of
Hg2+. Furthermore, all the experiments are performed to-
wards the detection linear range of the test strip system and
superior test conditions of cellulose paper-based test strips.

2. Experimental

2.1. Materials. 7e paper sample used for the test strip was
quantitative filter paper of medium porosity, which was
obtained from Fisher Scientific (Jinan, China). Dithizone
was obtained from Sigma-Aldrich (Jinan, China). Mercury
solutions with various concentrations were freshly pre-
pared by dissolving a certain amount of mercury nitrate in
nitric acid solution with pH 2.0. Other solutions, including
mercury ions (Hg2+), potassium ions (K+), calcium ions
(Ca2+), sodium ions (Na+), manganese ions (Mn2+),
magnesium ions (Mg2+), copper ions (Cu2+), barium ions
(Ba2+), aluminum ions (Al3+), iron ions (Fe3+), zinc ions
(Zn2+), phosphate ions (PO4

3-), chloride ions (Cl−), and
sulfate ions (SO4

2−), were prepared by using analytical
reagent-grade chemicals and nitric acid solution with pH
2.0. 7e pH of solutions was adjusted by adding either
diluted sodium hydroxide (NaOH) or nitric acid (HNO3)
solution. 7e spiked water sample of Hg(II) was prepared
by adding Hg(II) into tap water with its pH adjusted to 2.0.

2.2. Apparatus. A UV-Vis spectrophotometer (UV-2550,
Shimadzu, Nagoya, Japan) was used to determine the ab-
sorption of the colored complex solutions. A reflect spec-
trophotometer (i1Basic Pro2, X-Rite, Agilent, Foster City,
California, USA) was used for the measurement of color
intensity formed on the test strip.

2.3. Preparation of Cellulosic Paper-Based Test Strip. 7e
dithizone was dissolved in trichloromethane (Fisher Sci-
entific, Jinan, China) with a concentration of 0.0127 g/L. 7e
filter paper was then immersed into this solution for 2min at
room temperature. 7e filter paper with dithizone was dried
at 50°C in a nitrogen protected environment. 7e dried filter
paper was then cut into 5 cm× 1 cm strips, sealed in a plastic
bag, and kept until further use. 7e paper strip immersed in
0.0127 g/L dithizone solution had a 0.33mg/cm2 dithizone
loading amount.

3. Methods

3.1. Spectral Reflectivity Measurement. 7e Hg2+ solution
was dropped on the paper-based test strip. After the color-
forming reaction finished, the color intensity developed on
the test strip was measured using the reflect spectropho-
tometer at a fixed wavelength of 490 nm.

7e color forming depended on the dithizone reaction
with mercury(II) and the coordination compound
(dithizone-mercury complex) was formed, and the linear
relationship between the absorbency value and different
Hg2+ concentrations was tested by spectrophotometer at
a fixed wavelength of 490 nm [22].

3.2.Hg(II)DeterminationUsingUV-VisSpectroscopyMethod.
A 250mL mercury solution with 10 μg/mL concentration
was put into a separatory funnel (500mL) by adding 1mL
sodium sulfite (20%). After mixing, 10mL dithizone-
trichloromethane solution was added, and the solution
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layered after 1min. 7e mercury solution after contacting
with the dithizone was dissolved in the trichloromethane
and was transferred to a cuvette of the spectrophotometric
measurements. A UV-Vis spectrophotometer (UV-2550,
Shimadzu, Nagoya, Japan) was used to measure the ab-
sorbance value of the dithizone-mercury complex in the
solution [22]. 7en, the concentration of Hg(II) was cal-
culated based on the calibration curve obtained in this study:

Y � 0.0558X + 0.0391,

R
2

� 0.9932,
(1)

where Y is the absorbance value and X is the mercury ion
concentration (μg/mL).

4. Results and Discussion

4.1. Development of Paper-Based Test Strip. Due to the high
specific surface area and plenty of capillary pores, paper
sheets, such as filter paper, have high absorbability of in-
organic or organic liquids [23]. By loading the effective
chemicals onto a paper sheet, a paper-based test strip specific
for the determination of Hg(II) concentration is expected to
be portable, user-friendly, and handy. From this viewpoint,
the selection of a suitable reagent to extract the Hg(II)
content puts emphasis on the following considerations. 7is
paper-based test strip would have specific features of (i)
giving a color response so that the test strip, to be used with
a color chart or miniature device, can quantitatively de-
termine the Hg(II) concentration in the field screening or
on-site semiquantitative analysis without excessive labora-
tory instruments and (ii) having a selectivity for Hg(II) so
that the sample pretreatment steps would be minimized.
Because of the high stability constant of the Hg(II)-dithizone
complex, the dithizone formed a much more stable complex
with Hg(II). 7e extraction process of Hg(II) was performed
using dithizone with a high selectivity to avoid any in-
terfering elements in the extraction process.

7e detection principle for the mercury assay of this test
strip method is shown in Figure 1 [24]. Dithizone is one of
the foremost extractants that is recognized as a sensitive
reagent for the determination of Hg(II) in acidic media. It is
capable of forming primary and secondary dithizonates with
Hg(II) [25, 26]. Meanwhile, due to a higher absorptivity
coefficient and solubility in the organic phase, the primary
mercury-dithizonate chelate is preferred in the spectro-
photometric determination as well.

7e dissolved diatomic mercury ions, Hg(II), are the
common form in aqueous solution. 7e Hg(II) could react
with dithizone under acidic condition, and the complex is
colored. In addition, the colored complex and the con-
centration of the Hg(II) ion are in accordance with the
Lambert–Beer law:

A � lg
1
T

  � kbc, (2)

where A is the absorbency (L/(mol∗cm)), T is the trans-
missivity (°C), and b and c are the concentration of the light-
absorbing material (mol/L) and the thickness of the
absorbed layer (cm), respectively.

Figure 2 shows the characteristic absorption of the
mercury-dithizone complexes in aqueous solution. 7e
absorbency gradually increased as the wavelength increased
to 490 nm. Afterwards, the absorbency gradually decreased
as the wavelength continued to increase. 7e results showed
the maximum absorption peak of this Hg(II)-dithizone
complex was at 490 nm. Subsequently, the measurement
of spectra reflectivity was measured at 490 nm.7e apparent
molar absorptivity at 490 nm was 0.6 L·mol−1·cm−1.

Figure 3(a) shows the linear relationship between the
absorbency value and different reaction times of the test strip
and Hg2+ via the dipping-in method, which is that the paper-
based test strip is dipped directly into the Hg2+-containing
solution firstly and then pulled it out from the solution to
measure the absorbency. In this process, the test strip reacted
rapidly with Hg2+ in solution, which led to color formation
of the test strip. However, in this process, the Hg2+ contained
in solution can continuously react with dithizone which
loaded in the paper-based test strip, which caused the color
absorbency of mercury-dithizone complexes formed on
paper-based test strip increase with the prolongation of
dipping time, as shown in Figure 3(a). 7e dipping-in time
of the test strip needs to be strictly and accurately controlled
if this dipping-in method was used in determining Hg2+
concentration, which is very difficult to operate by hand
especially in on-site screening analysis. To solve this issue,
the dropping-on method was chosen to use. In this method,
certain amount of Hg2+-containing solution was dropped on
the dithizone-loaded paper-based test strip. Subsequently,
the absorbency of the test strip colored by mercury-
dithizone complexes was measured using spectrophotom-
eter. During the measurement of using this dropping-on
method, it was found that the colored liquid (mercury-
dithizone complexes) diffused in indefinite directions due
to liquid diffusivity. For the dropping-on method, although
the absorbency value does not continued to increase with the
reaction time, it was still difficult to accurately determine the
result of color forming due to nonuniformity of colored
complexes on the paper strip due to the Hg2+ or liquid
diffusivity.

To overcome this diffusivity phenomenon, a horizontal
circle 9mm in diameter was made on the paper-based test
strip [27].7is marker circle served as a hydrophobic barrier
to prevent the dropped mercury solution from dispersing,
and the uniform color is displayed in Figure 3(b). 7e test
strip shows a light green color at the absence of mercury
solution. When a drop of test solution was placed on the test
strip, as shown in Figure 3(b), the test strip turned into pink
at the presence of mercury solution. According to a series of
trials, 3.7 μL was a suitable volume to be placed in the circle
for preventing the mercury solution drop from dispersing
and forming a uniform color. In addition, it should be noted
that the dithizone loaded in this 90mm circle test strip,
11.5mmol, is much higher, 10 times higher, than that re-
quired for reacting with Hg2+, 1.5–3.5mmol, in 3.7 μL
solution.

After solving this diffusivity phenomenon of mercury
solution on the paper-based test strip, this dropping-on
method could be used to determine the Hg2+
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concentration in solution. In this method, the Hg2+-con-
taining solution was quanti�cationally dropped on the
surface of circled paper-based test strip, and then the Hg2+ in

the dropped solution reacts with dithizone loaded in the test
strip to form mercury-dithizone complexes which is colored
in pink.�e color intensity formed on the test strip is mainly
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Figure 3: Dierent images of dipping-in method and dropping-on method: (a) the linear relationship between absorbency value and
dierent dipping time of test strip and Hg2+ by dipping-in method and (b) test strip with marker circle and mercury-dithizone colored
complexes forming by dropping-on method.
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Figure 2: Characteristic absorption of the mercury-dithizone complexes in aqueous solution.
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aected by the reaction time between Hg2+ and dithizone,
here, namely, color-forming time. �e test strip absorbency
(color intensity) served as a standard function of color-
forming time. �e absorbency, at 490 nm, of colored
complexes formed using 30 μg/mL mercury solution to react
with dithizone-loaded test strip at dierent color-forming
time (0.5 to 10min) is presented in Figure 4. As shown in
Figure 4, the absorbency of the test strip after dropping of
Hg2+ solution gradually increased with color-forming time
ranging from 0.5min to 1.5min, and then, the absorbency
value tended to stabilize between 1.5min and 3.5min. �e
absorbency further reduced as the color-forming time
prolonged beyond 3.5min.�e absorbency increase at color-
forming time from 0.5min to 1.5min is due to formation of
more mercury-dithizone complexes through the reaction of
Hg2+ with dithizone. When the color-forming time reached
1.5min, the absorbency stabilized, illustrating all the Hg2+ in
the dropped solution reacted completely with dithizone
loaded in test strip and formed the colored complexes, and
this color intensity kept at a constant value for a while, up to
3.5min. After 3.5min, the decrease of absorbency is at-
tributed to the water evaporation of the test strip. �e
maximum and most stable absorbency value (0.282)
appeared at a 2.5min color-forming time. �e results
showed that the reliable absorbency measurement of this test
strip should be carried out in 1.5–3.5 minutes after dropping
of Hg2+-containing solution on the test strip.

4.2. Calibration Curve. To establish the calibration curve,
mercury solutions with various concentrations were pre-
pared and used (Figure 5). Under the optimum conditions,
pH 2.0 and reaction time 2.5min, a linear calibration curve
was constructed for Hg(II) determination over the range of
0.1 μg/mL to 30 μg/mL. �e correlation coe�cient (R2) was
0.9971, which showed an acceptable linearity of the cali-
bration curve. �rough the data analysis presented in Fig-
ure 5, it is found that the upper and lower detection limits of
this paper-based test strip method are 30 μg/mL and
0.1 μg/mL, respectively. Although this lower detection limit
was not enough for detection of Hg2+ ions in drinking waters
or lake waters, it could be used for determination of waste
waters from industry. �e paper-based test strip with much
lower detection limit, suitable for detecting lake waters or
drinking waters, is our another research work which is going
and will be reported in detail in our another paper.

4.3. Selectivity of Paper-Based Test Strip. In practice, Hg2+

cannot exist alone because large numbers of anions and
cations also exist. However, the dithizone is eective on
various ions. As shown in Figure 6, the test strips have
absorbency for the dierent ions (Hg2+, K+, Ca2+, Na+,
Mn2+, Mg2+, Cu2+, Ag+, Ba2+, Al3+, Fe3+, Pb2+, Zn2+,
PO4

3−, Cl−, and SO4
2−). Furthermore, Hg2+ displayed

excellent absorbability due to the test strips having better
sensitivity and selectivity with the Hg2+ in the solution.
Occasionally, Mn2+, Mg2+, Pb2+, Cu2+, Ag+, Cl−, and
SO4

2− interfered a little with mercury [2], and according to

y = 0.0543x + 0.2815
R2 = 0.9971
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the calibration curve, the deviations resulted from the
interference of these ions are all less than 5%, which is
acceptable usually for analysis [1, 9].

4.4. Verification of the Method with Spiked Water Samples.
In this study, a high-efficiency test strip was developed in the
circle with 3.7 μL of the mercury solution by pipette, the
color-forming time was fixed at 2.5min, and compared with
the reference method, UV-Vis spectroscopy method, by
determining same mercury concentrations [18]. 7e mean
values from three replicate samples and the standard de-
viations of these measurements are shown in Table 1. 7e
measured concentrations of Hg(II) using the test strip were
similar as these from the reference method (2.9 and 3.1; 6.2
and 6.0; 9.1 and 8.8; and 13.5 and 13.7). 7e results exhibited
a good sensitivity and selectivity, and also the deviation of
this test-strip method was similar as that of reference
method, even better than the reference method at high Hg
(II) concentration (0.05 and 0.05; 0.21 and 0.18; 0.25 and
0.30; and 0.19 and 0.32). 7emeasured data denoted that the
proposed method can be satisfactorily applied to the de-
termination of trace Hg(II) in real samples.

5. Conclusions

A cellulosic paper-based test strip for specially determining
Hg2+ was developed. 7e color-forming reagent dithizone
was physically loaded into the quantitative filter paper by
impregnation process, and the mercury-dithizone com-
plexes have a characteristic magenta color at acidic condi-
tion. 7e high-efficiency test strip method was developed by
dropping 3.7 μL of the mercury solution via pipette on
a circle test strip, and the color-forming time was fixed at
2.5min. Furthermore, the paper-based test strips have a high
selectivity to Hg2+ ion.

7e developed method offered a good sensitivity and
selectivity for the determination of Hg(II) in the concen-
tration range of 0.1 μg/mL to 30 μg/mL. Although this lower
detection limit was not enough for detection of Hg2+ ions in
drinking waters or lake waters, it is enough to be used for
detection of Hg2+ ion in waste waters from industry.

7is paper-based test strip method, when applied to
samples spiked with Hg2+ ions, gave accurate results in
comparison with the conventional method for the de-
termination of Hg2+. 7erefore, it can be concluded that the
paper-based test strip method developed in this study is
a simple, effective, and reliable way of determining the Hg2+
ion concentration in aqueous sample.
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