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The increased occurrence of Mercury (Hg II) contaminant has caused environmental and health concerns
worldwide. Removal of Hg(II) from water is of significant interest, in particular if these can be coupled in
a manner of detection. Here, a novel activated carbon (AC) adsorbent and a fast detection device to form
a closed-cycle strategy was developed. The synthesis of conjugates of streptavidin-biotinylated DNA
probes modified gold nanoparticle was used with lateral flow biosensors for Hg(Il) detection. A quan-
tification was completed via a self-developed smartphone app and its limit of detection was 2.53 nM.
Moreover, AC was activated with a new activating agent of diammonium hydrogen phosphate. The
adsorbent was characterized and determined to have an amorphous microporous structure with a high
surface area (1076.5 m? g~') and demonstrated excellent removal efficiency (99.99%) and adsorption
capacity (~100 mg g~') for Hg(Il). The kinetics of the pseudo-second-order model and the mechanisms of
electrostatic adsorption, ion exchange, and complex reactions are provided. The proposed closed-cycle
strategy can be useful for early, fast, and mobile detection of Hg (II) pollution, followed by its effective

removal during water treatment.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The contamination of water resources with mercury (Hg II), a
well-known toxic heavy metal released by industrial effluents, is a
major cause of environmental damage and health problems
worldwide (Guo et al., 2018; Zandiatashbar et al., 2018). Several
events related to mercury poisoning have occurred throughout the
years including the Minamata disease in Japan in 1956 (Harada,
1995; Obrist et al., 2017). The threshold of Hg(Il) concentration in
water is 10 nM according to the U.S. EPA guidelines (EPA, 2005). The
persistence of Hg(Il) in water hinders its biodegradation and
removal in conventional wastewater treatment plants. Hg(Il) is
enriched in the food chain and can lead to serious health effects
even at very low concentrations (Beal et al., 2015; Brocza et al,,
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2019). Therefore, methods and tools to remove Hg(Il) contamina-
tion from water are critical yet challenging.

The removal of Hg(Il) from aqueous effluents has conventionally
been done with techniques such as ion exchange (Dabrowski et al.,
2004), mechanical filtration (Fan et al., 2018), chemical precipita-
tion (Ghasemi et al., 2017), reverse osmosis (Roy et al., 2019),
flotation (Li et al., 2017), and membrane separation (Chaturabul
et al,, 2015). However, some of these methods can generate a
high quantity of toxic sludge or are not economically feasible in
terms of operation and capital cost. Adsorption has received
considerable attention in recent years because of advantages
compared with traditional methods (Chandra and Kim, 2011). The
adsorbent materials are highly efficient, easy to handle, and have
shown excellent potential for the removal of Hg(II). Activated car-
bon (AC) is the most popular and widely used adsorbent due to its
excellent performance including high adsorption, low cost, and
ease of use (Guo et al., 2019; Liu et al., 2019b). Surface functional-
ization using novel methods endows the AC with a strong affinity
for the target metal ions at optimum conditions to remove Hg(II)
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Table 1
Sequences of oligonucleotides used in this study.

Name

Thiolated DNA probe

Sequence (5'-3)
SH/ThioMC6-D/-GCTCGTGGTCCTGG

Test line probe Biotin
/-CCCCCCTGGTCCTCGTGC
Control line probe Biotin

/-CCCCCCAGGACCACGAGC

from water. Particularly, the surface oxygen and nitrogen functional
groups of adsorbent can share the electron pair for binding Hg(1I)
(Guo et al., 2017b). Meanwhile, the intense binding energy was
produced between functional groups and Hg(Il) based on lewis
hard-soft acid-base theory (Chandrakumar and Pal, 2002).
Recently, several researchers have explored some functional ACs for
Hg(ll) removal from water. Saleh et al. (2017) used poly-
ethyleneimine to modify AC to append N-functional groups for
enhanced removal of Hg(Il). Jin et al. (Gang et al., 2016) found that
AC was modified with humic acid showed highly efficient for Hg(II)
removal due to the contribution of oxygen-containing functional
groups. These methods all go through tedious and complicated
steps such as carbonization, activation and modification. Here, we
have developed a new activating agent of diammonium hydrogen
phosphate (DAP) and prepared AC with rich functional groups in
one step.

During the adsorption experiment, traditional methods to

%- Lateral flow biosensor (LFB)S¥S
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__Detection
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detect Hg(Il) include Atomic Absorption Spectroscopy, lon Chro-
matography, and Inductively Coupled Plasma - Mass Spectrometry
(He et al., 2011). However, these methods rely on bulky and com-
plex instruments that are expensive, time-consuming, and require
trained personnel. To avoid these defects, simple and rapid
methods such as biosensors (Cheng, 2015; Xu et al., 2019), chemical
sensors (De la Cruz Guzman et al., 2014), nanosensors (Goncalves
et al., 2010; Yao et al., 2019), microcantilever sensors (Selid et al.,
2009), and piezoelectric sensors (Ensafi et al., 2008; Liu et al,
2019a) were developed. Inside, lateral flow biosensors (LFB) is a
promising technology in the detection of Hg(Il) because they are
affordable, sensitive, equipment-free, and deliverable to the end-
user. Wang et al. (2015) designed a hemin/G-quadruplex-based
colorimetric sensor for Hg(Il) detection in water, and its limit of
detection is approximately 100 nM. Zhu et al. (2018), reported a
duplex functional G-quadruplex/NMM fluorescent probe as a donor
fluorophore for Hg(Il) detection that improved the sensitivity to
18.6 nM. But their limitation of detection is higher than 10 nM and
not suitable for Hg(Il) detection in water. Herein, a colorimetric
method with highly sensitive and selective for Hg(II) detection that
relies on thymine-Hg(Il)-thymine base-pair conjugated gold
nanoparticles (Au-NPs) was proposed. The approach based on the
color change due to thymine mismatches of bind the Hg(Il) (He
et al.,, 2011). But, there is a drawback with poor color recognition
at low concentrations. Therefore, we couple LFBs technology with
smartphones to quickly interpret the data on specific Hg(Il)
concentrations.

Il. Smartphone outpu

Scheme 1. Schematic of the developed LFB, smartphone output, and self-developed app for Hg(Il) detection.
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Fig. 1. (A) SEM image, (B) HRTEM micrograph, (C) XRD pattern, (D) Raman spectrum, (E) N2 adsorption/desorption isotherm and pore distribution (insert), and (F) FTIR spectrum of

AC.

The objectives of this study were to investigate the physical and
chemical properties of the AC prepared by the new activator and to
evaluate its Hg(Il) adsorption capacity. Meanwhile, the accuracy,
sensitivity, and selectivity of the new detection technology were
assessed and applied to the study of the adsorption kinetics of
Hg(ll) by the novel AC. At the same time, X-ray photoelectron
spectroscopy (XPS) technology was used to analyze the adsorption
mechanism of Hg(Il). In summary, a closed-cycle strategy for Hg(II)
detection and removal was provided. More importantly, it can be
used as a reliable detection and removal technology in Hg envi-
ronmental pollution emergency events in water bodies.

2. Materials and methods
2.1. Chemicals and materials

All general chemicals and materials (analytically pure grade)
were commercially available and used as received. All DNA se-
quences were purchased by Sangon Biotech Co., Ltd. (Shanghai,
China). Streptavidin was purchased from Invitrogen (Carlsbad, CA,
USA). Deionized water was used in the adsorption experiments,
whereas double distilled water was used in all detection
experiments.

2.2. Preparation of AC

The biomass precursor Phragmites australis (PA) was collected
from the local Lake. After a series of pre-treatment processes such
as washing and drying, the PA was mixed with DAP with a mass
ratio (g PA: g DAP) of 1:1.5 for 10 h and then dried at 105 °C in a
convection oven. The sufficiently impregnated samples were
placed in a tube furnace for activation at 700 °C under pure N; flow
for 1 h. After cooling to room temperature, the output samples were
washed to a stable pH. Finally, the carbide was dried at 105 °C
overnight and sieved 200 mesh. The resulting activated carbon
adsorbent was designated as AC.

2.3. Preparation of LFB

The preparation of LFB includes four steps: synthesis of gold
nanoparticles (Au-NPs), modification of Au-NPs by thiolated DNA
probe, conjugation of streptavidin-biotinylated probes, and LFB
fabrication. Added 1.67 mL of 1% trisodium citrate to 50 mL of
boiled 2.4 x 1074 M HAuCly solution and then was stirred for
30 min to synthesize aqueous solution of Au-NPs. Then, 30 pul of
100 mM dATP, 15 ul of 1% SDS and 40 ul of 1 M NaCl were added in
1 mL of Au-NP solution. Each additional reagent required 20 min of
incubation at room temperature. And then, 0.5 OD of thiolated DNA
probe was added and was incubated for 4 h at 60 °C. After incu-
bation, the mixture was centrifuged and washed to obtain the
thiolated DNA probe modified Au-NP. To obtain streptavidin-
biotinylated probes, equal amounts of 1 mg/mL of streptavidin
and 50 uM DNA probe solution were mixed in PBS containing 0.5%
mycose and then were incubated for 1 h at room temperature. The
sequences of oligonucleotides used were listed in Table 1. The LFB
fabrication was carried out according to the method in the refer-
ence (Cheng et al., 2017).

2.4. Characterization methods

A scanning electron microscope (SEM, ZEISS SUPRA 40, Ger-
many) was used to record the surface morphology of the adsorbent.
The N, adsorption/desorption isotherms were measured by a sur-
face area analyzer (Micro, 2020; USA) to calculate specific surface
area and pore size distribution of the adsorbent according to BET
and DFT computational models. The X-ray diffraction patterns
(XRD) were collected on a Bruker D8 X-ray diffractometer using Cu
Ko radiation. The Raman spectra were recorded using a Renishaw in
Via 2000 instrument (Renishaw, UK). The Fourier transform
infrared (FTIR) spectroscopy of the adsorbent was acquired with a
Nicolet-460 (Thermo Fisher Scientific Inc., USA). The Hg(II) removal
mechanism was determined by X-ray photoelectron spectra (XPS;
Thermo Fisher Scientific Inc., USA) of AC before and after adsorption
of Hg(II).
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Fig. 2. Sensitivity of the LFB for Hg(II) detection. (A) Photo images of LFBs in response to various concentrations of Hg(II) from left to right: 9 nM, 8 nM, 7 nM, 6 nM, 5 nM, 4 nM,
3nM, 2 nM, 1 nM, and negative control. The images were recorded with a smartphone camera (12-megapixel). (B) Quantitative detection used Image] software. The response curve
and calibration curve of the peak areas of test lines versus log Hg(Il) concentration (nM). (C) Quantitative detection used a smartphone app. The response curve and calibration curve
of the peak areas of the test lines versus Hg(II) concentration (nM). Error bars indicate the standard deviation of three measurements.

Transmission electron microscopy (TEM) images of Au-NPs were
acquired with a Tecnai-G20 instrument (Thermo Fisher Scientific
Inc., USA). The ultraviolet—visible (UV—vis) absorption spectra of
Au-NPs and DNA-modified Au-NPs were obtained with a Tecan
Safire Il multimode plate reader. The results were shown in Fig. S1,
indicating that the probe conjugates were successfully synthesized
on Au-NPs.

2.5. Detection of Hg(Il)

The application of the LFB sensor to detect Hg(II) followed the
subsequent steps. The desired amount of Hg(Il) and 50 pL of
running buffer were dropped in the sample pad. The DNA probe-
modified Au-NP conjugates (2.5 uL) were loaded onto the conju-
gate pad. And the solution migrated by capillary force with visual
observation within 5 min. To facilitate fast detection, an Android
app was developed that utilized an 8-megapixel camera based on

Image] (NIH, MD), which was used for quantitative measurements
of the images. By directly taking pictures or selecting pictures, the
concentration of Hg(Il) from water could be quickly and accurately
obtained. The operation steps are shown in Scheme 1.

2.6. Hg(Il) adsorption experiment

For the removal studies of Hg(II) over time with AC, 1 g of AC was
added to a 1-L beaker containing an aqueous solution with an
excessive initial Hg (II) concentration of 100 mg L™, The solution
was stirred at 120 rpm with an electromagnetic stirrer at the initial
pH. The Hg(Il) concentration was determined with the method
described above in Section 2.5. At the same time, the atomic ab-
sorption spectrometry (180-80, Hitachi, Japan) was used for the
concentration outside the measurement range. The removal effi-
ciency of Hg(Il) and the adsorption capacity (Q.) of AC was calcu-
lated as follows:
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Fig. 3. Selectivity of the LFB for Hg(II) over other potential metal ions. Photo images of
LFBs in response to various mental ions: (1) Hg(Il); (2) Zn(II); (3) Mg(Il); (4) Pb(II); (5)
Fe(IIl); (6) Fe(II); (7) Cu(II); (8) K(I); (9) Ca(1l); (10) Mn(II); (11) Ag(I); (12) Au(Ill) and
(13) Ni(I1). The concentration of Hg(Il) is 5 nM. The concentration of the other metal ion
is 1 mM. The images were recorded with a camera phone (12-megapixel).

CO - Ce
0

x 100

Removal efficiency (%) Eq. (1)

Qe=(Co—Ce) xV/M Eq. (2)

Here, Cy and Ce are the initial and equilibrium concentrations of
Hg(1l) (mg L), respectively, V represents the solution volume (L),

and M is the weight of AC (g).

3. Results and discussion
3.1. Morphological and characterization of AC

The rough surface and orderly porous structure of the AC, as
obtained from SEM and TEM imaging, can be observed in Fig. 1A
and B; this is typical of carbon adsorbents (Li et al., 2016). This
porous morphology is mainly due to the sculpture of the new DAP
activator, as well as the generation of gas and dehydration-
condensation of phosphate resulting from the activation process
(Guo et al., 2017a). Fig. 1C shows the XRD pattern of the AC
adsorbent and the two peaks corresponding to graphite (002) and
(100). The asymmetrical (002) peak was presented in the examined
range due to the presence of a y-band. The spectra of the (002) and
(100) peaks, as well as the y-bond, indicate that ordered and
disordered carbon structures were present in the adsorbent (Zhao
et al.,, 2009). The Raman spectrum of the adsorbent is shown in
Fig. 1D. Two visible peaks were observed at 1583 cm~! (G-band)
and 1345 cm™! (D-band) and were recorded between 500 and
2000 cm~ . The G-bond is caused by a plane stretch motion of the
2p carbon atoms (Epg vibrational mode). The D-band relates to Aqg
symmetry and is attributed to a disordered graphite structure. The
valley that exists between the two peaks represents the presence of
amorphous carbon in the AC structure (Rajagopal et al., 2016).

Fig. 1E shows the N; adsorption/desorption isotherm and pore
distribution (insert) of the AC. According to the IUPAC classification,
the isotherm is type I, which is characteristic of a microporous
structure (Schneider, 1995). The pore distribution confirms the
microporosity since most of the pore width is less than 1 nm, while
the BET surface area of the adsorbent is 1076.5 m? g~ . This feature
of the AC contributes to the adsorption of Hg(Il) in aqueous solu-
tions because of the smaller ionic radius and the hydrated ionic
radius of the metal ions. FTIR spectra investigated the surface
functional groups of adsorbents were shown in Fig. 1F. The main
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Fig. 4. Effect of contact time for Hg(II) removal on AC: (A) concentration (mg/L), (B) removal efficiency (%), (C) adsorption capacity (mg/g). The linear plots and parameters of the (D)
pseudo-first-order model, (E) pseudo-second-order model and (F) intra-particle diffusion plots.
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peaks at 1200, 1714, and 3420 cm~! correspond to the C—O/C—N,
C=0, and O—H/N—H stretching vibrations, respectively (Shin et al.,
1997). These chemical bonds are formed from the activation pro-
cess and promote Hg(II) removal.

3.2. Detection of Hg(Il) with LFB

Fig. 2A shows an image of the response from the biosensors
when detecting different Hg (II) concentrations (0—9 nM) with
control and test line to determine the sensitivity of the LFB. The
color intensity for each test line became stronger as the Hg(II)
concentration increased. Fig. 2B and C shows the corresponding
graphs as interpreted by Image] or a smartphone, respectively.
There were no false positives or false negatives throughout the
entire range of concentrations tested. The response curve of the
peak areas of test lines versus log Hg(II) concentration (nM) was
linear from 2 nM to 7 nM, and the limit of detection (LOD) was
calculated to be 2.53 nM based on 3.3 x standard deviations of the
regression line/slope (see Fig. 2C). The accuracy and low range
detection of Hg (II) with the proposed biosensors can be considered
suitable for independent quantitative work for real-time detection
of environmentally relevant levels of Hg(Il) in water.

The selectivity of the LFB biosensor is shown in Fig. 3 via a series
of metal ions at 1 mM. A prominent color represents the low con-
centration of 5 nM of Hg(Il) in LFB on the test line, but the blank
requires other metal ions. This demonstrates that the prepared LFB
has excellent selectivity for Hg(II), which is attributed to the highly
specific coordination of the mismatched base pair. The robustness
was one of the most important criteria in evaluating the LFB assay,
which was assessed by analyzing one sample for six replicate de-
terminations. A sample solution containing 2 nM Hg(II) was used to

examine the performance of the LFBs. As shown in Fig. S2, similar
responses could be obtained against each determination. The cor-
responding RSD values of optical responses were calculated to be
6.3%, indicating the acceptable robustness of the rapid detection
measurements.

3.3. Adsorption kinetics

Fig. 4 show the reduction in the concentration and the corre-
sponding removal efficiency of Hg(II) over time. In the first 20 min,
Hg(1I) is rapidly removed by AC and then gradually decreases until
reaching equilibrium. At 240 min, the equilibrium concentration of
Hg(1l) was 4.87 nM (9.77 x 10~% mg L™, Fig. 4A, which is far below
the standards of the U.S.EPA (EPA, 0.002 mg L) for Hg(ll) in
drinking water. Fig. 4B and C shows that the AC has excellent
removal efficiency (99.99%) and adsorption capacity (~100 mg g~ 1)
for Hg(Il). The adsorptive performance of the AC is also better than
that of other reference adsorbents (Tan et al., 2016; Xu et al., 2016).

The adsorption kinetics and mechanisms were studied to un-
derstand better the process of Hg(Il) removal with the proposed
adsorbent. Pseudo-first-order (Corbett, 1972) and pseudo-second-
order (Ho and McKay, 1999) kinetic models were used to fit the
data for Hg(II) removal and explain the adsorption kinetics. Fig. 4
present the plots for the Hg(Il) removal when fitting the kinetic
models. The pseudo-second-order model (R? > 0.99) resulted in a
better fit than the pseudo-first-order model (R?> = 0.64) in this
adsorption process. The calculated constants suggest that multiple
processes may control the adsorption mechanism, especially the
chemisorption process (Ho, 2006; Ho and McKay, 1998). The intra-
particle diffusion model was used to discuss the mechanism of
Hg(II) diffusion onto the AC. Results show that the adsorption of
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Hg(Il) contains three steps. The first instantaneous stage involves
external surface sorption and a porous filter. The chemisorption
proceeded in the second stage, and the final stage reaches equi-
librium due to the limited sites for Hg(Il) capture.

3.4. XPS evidence for adsorption mechanism

XPS spectra were used to confirm the mechanism of chemi-
sorption (Fig. 5). Fig. 5A shows that after Hg(II) adsorption with AC,
the Hg peak appeared in the XPS survey spectrum and was
accompanied by a change of peaks for O 1s and N 1s (see Fig. 5B and
C). The XPS peak differentiation/imitating analysis of Hg is shown in
Fig. 5D. The peaks at 101.3,102.1, and 102.8 eV correspond to Hg 4f7
and the peak at 105.2 eV corresponds to Hg 4f5 (Behra et al., 2001;
Hyland et al., 1990), indicating bonding between oxygen- or
nitrogen-containing surface groups and Hg(Il) (Cui et al., 2012;
Wang et al., 2009). Also, the C 1s, O 1s, and N 1s spectra and the
related parameters for AC before and after Hg(Il) adsorption are
shown in Fig. S3 and Table S1. The variation in the peaks reflect the
role of functional groups in Hg(Il) adsorption, as described below:

R-O" + Hg(Il)X « R-O"Hg(IX Eq. (3)
R-COO" + Hg(Il)X « R-COO™ Hg(IX Eq. (4)
R—NH, + Hg(II)X — R—NH, Hg(IX Eq. (5)
R—NH3 + Hg(Il)X — R—NH, Hg(I)X + H* Eq. (6)

Here, R represents other components and Hg(I[)X represents
Hg(Il) species. In summary, in addition to physical adsorption by
porous filtration, the surface of the adsorbent is mainly chemical
adsorption such as electrostatic adsorption, ion exchange and sur-
face complexation. The donated electrons from the adsorbents’
functional groups could form or bind with Hg(II).

4. Conclusion

A simple, accurate detection method was successfully used in
the adsorption removal experiment of Hg(Il) from water. The syn-
thesis of conjugates of streptavidin-biotinylated DNA probes
modified with Au-NPs was used with LFB to show excellent selec-
tivity and sensitivity for Hg(II) detection. A smartphone app offers
accurate quantitative identification of Hg(Il) concentration and
eliminates inconvenient and complex test equipment. The acti-
vated carbon adsorbent developed herein demonstrated excellent
removal efficiency (99.99%) and adsorption capacity (~100 mg g~ 1)
for Hg(Il) removal in water. Thus, the proposed closed-cycle strat-
egy can be useful for early detection of Hg (II) pollution followed by
its effective removal during water treatment.

Main finding of the work

A lateral flow biosensor with a limit of detection was 2.53 nM
was applied Hg(II) adsorption experiment.
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