Open Access Article. Published on 19 January 2021. Downloaded on 5/3/2026 5:15:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 3725

solutions+

Porous BMTTPA-CS—-GO nanocomposite for the
efficient removal of heavy metal ions from aqueous

Juan Huang,i® Weirong Cui,* Ruping Liang,® Li Zhang® and Jianding Qiu {2 *2°

In this study, a stable,

terephthalaldehyde—chitosan—grafted  graphene

cost-effective and environmentally friendly porous 2,5-bis(methylthio)

oxide (BMTTPA-CS-GO) nanocomposite was

synthesized by covalently grafting BMTTPA-CS onto the surfaces of graphene oxide and used for

removing heavy metal ions from polluted water. According to well-established ng+—thioether

coordination chemistry,

the newly designed covalently linked stable porous BMTTPA-CS-GO

nanocomposite with thioether units on the pore walls greatly increases the adsorption capacity of Hg?*
and does not cause secondary pollution to the environment. The results of sorption experiments and

inductively coupled plasma mass spectrometry measurements demonstrate that the maximum
adsorption capacity of Hg?* on BMTTPA-CS-GO at pH 7 is 306.8 mg g%, indicating that BMTTPA-CS—
GO has excellent adsorption performance for Hg?*. The experimental results show that this stable,

environmentally friendly, cost-effective and excellent adsorption performance of BMTTPA-CS-GO
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makes it a potential nanocomposite for removing Hg?* and other heavy metal ions from polluted water,

and even drinking water. This study suggests that covalently linked crucial groups on the surface of

DOI: 10.1039/d0ra07836k

rsc.li/rsc-advances metal ions.

1. Introduction

Water resources issues around the world are increasingly
raising widespread concern."” Heavy metal ions are causing
increasingly severe environmental pollution problems because
of their release from different pollution sources including fuel
combustion, fertilizers, plating, waste disposal, batteries and
paints.>” Water pollution caused by toxic heavy metal ions is the
main environmental issue because these toxic elements are
prone to bioaccumulation and cause serious ecological
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carbon-based materials are essential for improving the adsorption capacity of adsorbents for heavy

damage.®” Many heavy metal elements such as Hg”*, Cd**, Cu®*
and Pb®" are non-biodegradable and highly toxic.*® For the
protection of human health and ecological environments, these
toxic elements must be removed from polluted water before it is
released into the environment. Traditional techniques for
removing these toxic elements include adsorption, precipita-
tion, ion exchange, and membrane filtration.’®"* Among these
techniques, adsorption technology has been widely used
because it is simple, cost-effective and efficient. Several adsor-
bents have been investigated for the removal of toxic heavy
metal elements, including inorganic materials, zeolites, resins,
nanofibers and activated carbon.'>™* However, most of these
adsorbents are characterized by long processing time or low
adsorption efficiency, making them less likely to be actually
used in wastewater treatment.'*"” Therefore, it is necessary to
prepare efficient and low-cost adsorbents for the removal of
heavy metal elements from polluted water.

Graphene oxide (GO) as an excellent adsorbent for removal
of toxic heavy metal elements has drawn increasing attention
because of its good biocompatibility, simple preparation
method and low cost."®?® There are many different functional
groups distributed on the GO surface such as carbonyl, hydroxyl
and epoxide.*** These functional groups allow GO to be func-
tionalized by non-covalent and covalent bonds, thus making it
a cornerstone for multifunctional material synthesis.?>**
Recently, thiols and amines have been used to functionalize GO

RSC Adv, 2021, N, 3725-3731 | 3725


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra07836k&domain=pdf&date_stamp=2021-01-18
http://orcid.org/0000-0002-6793-9499
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07836k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011006

Open Access Article. Published on 19 January 2021. Downloaded on 5/3/2026 5:15:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

surfaces for environmental contaminant removal from polluted
water.”>*® For example, polypyrrole-rGO, chitosan-rGO and SH-
GO/Fe;0, nanocomposite have been used as new heavy metal
ion adsorbents.””** In particular, grafting a target polymer onto
the surface of GO is an effective way to improve the performance
of graphene.*" Chitosan (CS) is a non-toxic and biodegradable
natural biopolymer with similar structural features to cellu-
lose.**** CS exhibits excellent complexing ability toward heavy
metal ions from various wastewaters because of its high content
of amino and hydroxyl functional groups.*»* Therefore, as a heavy
metal ion adsorbent, CS has been paid much attention in recent
years and has become a research hotspot.** However, CS is
a stimulus-responsive polymer whose solubility can be reversibly
regulated by changing the pH value.*”*® In order to prevent its
dissolution in acidic solutions and improve its heavy metal ion
adsorption properties, CS is generally modified by means of
grafting or crosslinking.**** Although a few groups have reported
the preparation of CS-functionalized GO by covalent interac-
tions,****” no studies have focused on the use of GO covalently
modified with CS-functionalized derivatives to prepare nano-
composites for removing Hg?* from aqueous solutions.

Herein, we report a covalently linked stable porous BMTTPA-
CS-GO nanocomposite with thioether groups on the surface for
the removal of Hg>* from aqueous solutions based on the
accepted Hg>"-thioether linkage chemistry.*** The preparation
procedure of BMTTPA-CS-GO is shown in Scheme S1.f This
simple design strategy involves the BMTTPA-CS-GO nano-
composite being prepared by covalently grafting BMTTPA-CS
onto the surfaces of GO. The objective of this work is to prepare
a novel porous BMTTPA-CS-GO nanocomposite for the removal
of Hg**, Cu®*, Pb*" and Cd*" from polluted water and to provide
adsorption mechanism insights of the interaction between the
BMTTPA-CS-GO nanocomposite and heavy metal ions.

2. Materials and methods
2.1 Materials

GO was synthesized using a modified Hummers method.*> CS
(MW = 310 000-375 000, deacetylated >75%) was obtained from
Sigma-Aldrich.  2,5-Bis(methylthio)terephthalaldehyde
synthesized based on the literature.*® All other chemicals used
were of analytical grade unless otherwise indicated.

was

2.2 Synthesis of BMTTPA-CS

CS (300 mg) was dispersed in 2 wt% acetic acid (30 mL), and
then diluted with methanol (30 mL). The mixture was stirred
vigorously to obtain a homogeneous CS solution. Then, 2,5-
bis(methylthio)terephthalaldehyde (105 mg) was added batch-
wise into the CS solution. After vigorous stirring for 24 h, the
resulting mixture was washed three times with methanol and
then dried in a vacuum drying oven at 40 °C for 8 h. The
resulting yellow material was the BMTTPA-CS composite.

2.3 Preparation of BMTTPA-CS-GO

BMTTPA-CS-GO was synthesized by the amidation of GO with
BMTTPA-CS in the presence of NHS and EDC. BMTTPA-CS (0.3 g)
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and GO (0.7 g) were first dispersed in 2% (w/w) acetic acid (80 mL)
and sonicated for one hour to get a homogeneous suspension.
Then, EDC (0.35 g) and NHS (0.11 g) were slowly added into the
suspension and stirred at 25 °C for one day. Thereafter, the
suspension was washed three times with a large volume of ultra-
pure water. The collected sample was redispersed in 80 mL ultra-
pure water by sonication for 15 min. The mixture was then cast in
24-well cell culture plates. The molds were placed at —20 °C and
allowed to solidify for 5 h, followed by lyophilization of the mixture
solution in a freeze dryer at —80 °C for 24 h.

2.4 Removal of heavy metal ions

In order to remove Hg>", Cu®>*, Pb** and Cd*" from sewage,
30 mg BMTTPA-CS-GO was added to 50 mL heavy metal ion
solution (in a glass bottle) at 25 °C for adsorption experiments.
The initial concentration range of Hg>*, Cu®*, Pb*>" and Cd>" was
1 to 700 mg L~'. The pH of the Hg**, Cu®*, Pb*>" and Cd**
solution was adjusted to 7.0 with 0.01 M NaOH or HNO;. All
adsorption experiments were performed using a ZWY-103B
shaker (Zhicheng, Shanghai) with a shaker speed of 220 rpm
until the system reached equilibrium. The Hg>*, Cu**, Pb*>" and
Cd*>" solution was filtered through a 0.22 pum microporous
membrane, and the concentrations of the metal ions in the
filtrate were measured with ICP-MS. The formulas for the
removal rate and adsorption capacity of BMTTPA-CS-GO for
Hg>*, Cu®*, Pb*>" and Cd>" are as follows: removal (%) = (Cp —
Ce)/Cy x 100% and g. = (Co — C.)/m x V, where C, and C.
represent the initial and equilibrium concentrations of heavy
metal ions (mg L"), respectively; m is the amount of BMTTPA-
CS-GO (g); V is the volume of heavy metal ion solution (L); and
ge is the equilibrium adsorption capacity (mg g™ %).

3. Results and discussion
3.1 Characterization of BMTTPA-CS-GO

The microstructures of BMTTPA-CS-GO nanocomposite were
observed using SEM. As shown in Fig. 1A, the BMTTPA-CS-GO
nanocomposite has a three-dimensional porous structure,
which would increase the amount of adsorption active sites on
the surface of BMTTPA-CS-GO and help increase the removal
efficiency of Hg”*, Cu®*, Pb** and Cd>". By increasing the image
magnification (Fig. 1B), it can be seen that the surface of
BMTTPA-CS-GO is strongly wrinkled. These wrinkles could also
increase the number of adsorption active sites and will benefit

Fig.1 SEM image of BMTTPA-CS-GO nanocomposite (A) and high-
resolution SEM image of BMTTPA-CS—-GO nanocomposite (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hg>*, Cu®*, Pb®" and Cd*" removal from polluted water. Fig. S1
shows the AFM images of GO and BMTTPA-CS-GO. After the
formation of BMTTPA-CS-GO, the thickness of BMTTPA-CS-
GO is 4.45 nm (Fig. S1Bt), which is thicker than the 1.91 nm of
GO (Fig. S1At). The S element was found in the energy disper-
sive X-ray spectrum of BMTTPA-CS-GO, indicating that
BMTTPA-CS-GO contains S element (Fig. S21). CHN analysis
shows that C element content was 42.87% in BMTTPA-CS-
GO, N element content was 6.84%, and H element content was
6.54%, which proves that BMTTPA-CS-GO is mainly a C-based
material (Table S1}). These results indicate that BMTTPA-CS
has been successfully compounded on GO.

The IR spectra of BMTTPA-CS-GO, BMTTPA-CS, GO,
BMTTPA and CS are shown in Fig. 2A. By comparing the IR
spectra of BMTTPA, BMTTPA-CS and CS, several new absorp-
tion bands appear in the BMTTPA-CS spectrum. A typical
characteristic peak of C=N appears at 1678 cm ™', a new broad
band at 3434 cm ™' belongs to the O-H stretching vibration of
-OH group or N-H stretching vibration of -NH,, and a new
band at 1127 cm ™" is assigned to the stretching vibration of C-
S.*** The above results indicate that BMTTPA-CS has been
successfully prepared.*>*° In the IR spectrum of GO, the band at
1724 cm ' can be assigned to the C=O of -COOH." For
BMTTPA-CS-GO, the band at 1724 cm ™" disappears, and a new
absorption band at 1698 cm™ " appears, which indicates that the
-NH, of CS has grafted with GO forming amide bonds.***® The
results confirm the successful grafting of BMTTPA-CS on the
surfaces of GO. These O, N and S functional groups are neces-
sary for removing metal ions from aqueous solutions.

The successful grafting of BMTTPA-CS on the surfaces of GO
can be also verified by XPS characterizations. Fig. 2B shows the
XPS survey scans of BMTTPA-CS and BMTTPA-CS-GO. Two
binding energy peaks at 163 and 402 eV can be attributed to S 2p
and N 1s, respectively, which become significantly weak after
grafting BMTTPA-CS onto the surfaces of GO. The decreasing

BMTTPA-CS

GO

1724

BMTTPA-CS-C

BMTTPACS-GO

5 . + —— - D D G D S D N N S
3500 3000 2500 2000 1500 1000 10000 800 600 400 200 0

Wavenumber «cm-1, Binding Energy (eV)

C Is (BMTTPACSGO)
C ¢ D

N Is (BMTTPA-CS-GO)

Intensity (a.u.)
Intensity (a.u.)

280 282 284 286

288 290
Binding Energy (eV)

98 399 400 401 402 403 404
Binding Energy (eV)

Fig. 2 IR spectra of CS, BMTTPA, BMTTPA-CS, GO, and BMTTPA-
CS-GO (A). XPS survey spectra of BMTTPA-CS and BMTTPA-CS-GO
(B). XPS high-resolution spectra of C 1s of BMTTPA-CS-GO (C) and N
1s of BMTTPA-CS-GO (D).
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intensities of these two peaks were mainly due to the covalent
grafting of BMTTPA-CS onto the surfaces of GO. The deconvo-
lution of the C 1s spectrum of BMTTPA-CS-GO (Fig. 2C) reveals
five peaks, which can be assigned to non-oxygenated carbon
(284.7 eV), C=0 bonds (287.9 eV), C=N bonds (289.1 eV), C-N
bonds (285.4 eV) and C-O or C-S bonds (286.2 e€V).*** The C-S
bonds (286.2 €V) also appear in BMTTPA-CS (Fig. S3t) to
illustrate the grafting of BMTTPA-CS on the surface of GO. The
deconvolution of the N 1s spectrum of BMTTPA-CS-GO
(Fig. 2D) reveals three peaks, which can be assigned to C=N
bonds (399.2 eV), O=C-N bonds (400.2 eV), and N-H bonds
(401.7 eV).”**> The presence of the amidoxime groups in
BMTTPA-CS-GO is clearly confirmed by the peaks at 400.2 eV (N
in C-N bond) and 287.9 eV (C in C=N bond)," but not in
BMTTPA-CS (Fig. S3t). These results further confirm that
BMTTPA-CS-GO has been successfully synthesized by cova-
lently grafting BMTTPA-CS onto the surface of GO. The above
results, especially the combination of the XPS and FT-IR
spectra, provide sufficient evidence for the successful prepara-
tion of BMTTPA-CS-GO by chemical reaction, containing -NH,
of BMTTPA-CS and -COOH of GO.

The results of the exploration of BMTTPA-CS-GO thermal
stability are shown in detail in Fig. S4.1 The thermal properties
of BMTTPA-CS-GO were investigated by thermogravimetric anal-
ysis (TGA). As can be seen from the BMTTPA-CS-GO TGA curve
(Fig. S4At), the first region shows a 6% loss of mass from 60 to
160 °C, which is perhaps the result of evaporation of water mole-
cules. The second region shows a rapid 31% loss of mass from 180
to 280 °C, which can be attributed to the degradation of BMTTPA-
CS-GO. At last, the remaining amount of compound is 43% at
800 °C, which can be ascribed to the combustion of the carbon
skeleton of BMTTPA-CS-GO. The TGA curves of GO and BMTTPA-
CS are similar to that of BMTTPA-CS-GO. Based on the TGA
curves, the amount of BMTTPA-CS in the BMTTPA-CS-GO
nanocomposite is estimated to be 30% as originally prepared. The
DTG thermograms (Fig. S4Bt) show that the thermal degradation
temperatures of BMTTPA-CS, BMTTPA-CS-GO and GO are 290,
215 and 195 °C, respectively. The BMTTPA-CS-GO degradation
temperature is 20 °C higher than that of GO. The thermal stability
of BMTTPA-CS-GO is related to the strong interfacial interaction
between GO and BMTTPA-CS. The DSC chart of BMTTPA-CS-GO
confirms this conclusion again (Fig. S571).

Fig. S6AT shows the BET surface area of BMTTPA-CS-GO
and the pore size distribution curve shows that BMTTPA-CS-
GO has a layered porous structure (Fig. S6Bf). As shown in
Fig. S6C,T the GO pattern has a strong and sharp diffraction
peak of (001) at 26 = 10.7°. According to the Bragg equation,
2d sin § = nA, the distance between layers is 0.811 nm. For
BMTTPA-CS-GO, there is a peak at 26 = 9.7° and its plane
spacing is 0.921 nm. The change of peak position shows that
BMTTPA-CS was successfully compounded with GO, while
BMTTPA-CS-GO maintains a certain degree of crystallinity
without destroying the structure of GO, ensuring its excellent
adsorption performance. The layer spacing of BMTTPA-CS-GO
is larger than that of GO, indicating that the BMTTPA-CS reacts
with the oxygen-containing functional groups on GO, thereby
expanding the gap between the GO intermediate layers. The

RSC Adv, 2021, N, 3725-3731 | 3727
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Raman spectra of GO and BMTTPA-CS-GO show two charac-
teristic peaks of D band and G band (Fig. S6D1). The D band of GO
is related to the degree of structural disorder and the G band is
related to the stretching vibration of the conjugated C=C group of
GO. The G band for BMTTPA-CS-GO has almost the same
frequency as that for GO, at 1604 cm™ . The extent of the defects
depends on the intensity ratio of the D band to the G band (Ip/Ig).
After modification of GO with BMTTPA-CS, the Ip/Ig ratio
increased from 0.92 of GO to 1.10 of BMTTPA-CS-GO, which
indicated that the disorder and defect level of BMTTPA-CS-GO
increased. In addition, a new Raman peak related to C-S stretching
is observed in the BMTTPA-CS-GO spectrum at 506 cm ™, which
strongly proved the successful synthesis of BMTTPA-CS-GO.

3.2 Environmental application of BMTTPA-CS-GO
nanocomposite

The porous BMTTPA-CS-GO nanocomposite was used for the
removal of Hg?*, Cu®", Pb*" and Cd*" from polluted water. The
effects of different factors including the aqueous solution pH
and BMTTPA-CS-GO nanocomposite dosage on the process of
Hg>*, Cu**, Pb*>" and Cd>* removal were investigated. As shown
in Fig. 3A, the adsorption of Hg>", Cu®>*, Pb*>" and Cd*" on the
BMTTPA-CS-GO nanocomposite is obviously affected by pH
value. In general, due to the competition between the metal ions
and H' for the adsorption active sites, the removal efficiency of
heavy metal ions at pH values between 2 and 5 is significantly
5355 With increasing pH, the removal efficiency is
enhanced for all heavy metal ions until it reaches a maximum at
pH 7. However, when the solution pH is higher than 7, the
decrease in removal efficiency of heavy metal ions perhaps
resulted from the hydrolysis of the heavy metal ions in alkaline
solution. Therefore, further study of adsorption of Hg>", Cu*",
Pb>" and Cd** from aqueous solution was conducted at pH 7.

As shown in Fig. 3B, the removal of target heavy metal ions
increases sharply when the adsorbent dosage is increased from
0.01 to 0.03 g/50 mL, which can be ascribed to the large quantity
of adsorption active sites and increased surface area.***” When
the dosage is continuously increased from 0.03 to 0.05 g/50 mL,
the target heavy metal ion removal efficiency slightly increases.
Therefore, the optimum dosage for subsequent studies was
chosen to be 0.03 g/50 mL.

lower.

T3 4 5 6 7T 8 00T 0.02 003 0.04  0.05
pH Dosage (g/50mL)

Fig. 3 Dependence of the removal efficiency on (A) pH (Co =

10 mg L™%, BMTTPA-CS-GO dosage = 0.03 g/50 mL, t = 90 min, T =

25°C) and on (B) BMTTPA-CS-GO dosage (pH=7,Co=10mg L% t

=90 min, T = 25°Q).
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3.3 Adsorption capacity of heavy metals on BMTTPA-CS-GO

The adsorption capacities of BMTTPA-CS-GO for Hg*", Cu®*, Pb>*
and Cd>" are shown in Fig. 4A. Due to the large concentration
gradient at the contact interface, the amount of Hg**, Cu**, Pb**
and Cd** adsorbed on BMTTPA-CS-GO increases with initial
concentrations, until it reaches equilibrium. Experimental results
demonstrate that the maximum adsorption capacities for Cd>",
Cu™, Pb>* and Hg>" on BMTTPA-CS-GO are 65.1, 78.0, 206.1,
306.8 mg g, respectively. These experimental results show the
great potential of BMTTPA-CS-GO as a highly efficient adsorbent
for the removal of heavy metal ions from polluted water. The
removal efficiency of Hg>* by BMTTPA-CS-GO is significantly
higher than that of Pb**, Cu>* and Cd*". The excellent removal
efficiency of BMTTPA-CS-GO for Hg" is attributed to the well-
established Hg>"~thioether ligation chemistry.*

Fig. 4B demonstrates the influence of mixing time on the
adsorption of Hg>*, Cu®>*, Pb** and Cd*>* by the BMTTPA-CS-GO
nanocomposite. A sharp increase in Hg>*, Cu®*, Pb*>* and Cd**
adsorption occurs within the first 30 min, followed by the
adsorption capacity slowly increasing. After 90 min of mixing,
equilibrium is achieved, and almost 99% of Hg*" is removed by
the BMTTPA-CS-GO nanocomposite. The maximum adsorp-
tion capacity for all the investigated heavy metal ions can be
attained within 90 min mixing time. Even if the mixing time is
up to 6 h, the heavy metal ion adsorption capacity remains
unchanged. The adsorption rate of BMTTPA-CS-GO for Hg”" is
higher than that of Fe;0,~xGO (100 min),”*** IT-PRGO (120
min)," and thiol-functionalized MGO (500 min).*® The fast
adsorption of Hg>" by BMTTPA-CS-GO is owing to the porous
structure and the numerous thioether units on the pore walls
that can coordination with Hg>".

Our experimental data were fitted using the Langmuir isotherm
model. It can be represented as follows: g = gmbCe/(1 + bCe), where
b represents the Langmuir constant (L mg '), C. represents the
equilibrium concentration of heavy metal ions (mg L"), ¢, repre-
sents the monolayer adsorption capacity (mg g~ "), and . represents
the equilibrium adsorption capacity (mg g~ *).* As shown in Fig. 54,
the experimental data of target heavy metal ions can fit well with the
Langmuir adsorption model (R* = 0.992-0.998), and the calculated
isotherm parameters are listed in Table S2.}

2+

Il.)l) 2[.M) 31.]0 4l.10 51.)0

e m )
Fig. 4 (A) Adsorption isotherms of Hg?*, Cu?*, Pb®* and Cd?* on
BMTTPA-CS-GO (dosage = 0.03g/50 mL, pH =7, t =90 min, T =25
°C). (B) Adsorption kinetics of Hg?*, Cu?*, Pb?* and Cd?* on BMTTPA—
CS-GO (dosage = 0.03 g/50 mL, pH =7, T = 25 °C, initial concen-
trations of Cd?*, Cu?*, Pb®* and Hg?* were 312, 319, 619 and
709 mg LY, respectively).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) Langmuir isotherm model for the adsorption of Hg?*, Cu?*,
Pb?* and Cd®* on BMTTPA-CS-GO. (B) Pseudo-second-order kinetic
model for the adsorption of Hg?*, Cu®*, Pb?* and Cd>" on BMTTPA-
CS-GO.

3.4 Adsorption kinetics

The adsorption mechanism is analyzed by the pseudo-second-
order kinetic model is as follows: t/q, = 1/k,q.* + t/q., where g,
and g. represent the adsorbed amount (mg g ') at time ¢ and at
equilibrium time (min), respectively, and k, represents the pseudo-
second-order rate constant of adsorption (g mol ' min~'). As
shown in Fig. 5B, we calculate the values of g. and k, from the
slope and intercept of the graphs of ¢/g; versus ¢, and the calculated
results are listed in Table S3.T The correlation coefficients (R2 >
0.99) of the pseudo-second-order model for Hg**, Cu**, Pb*" and
Cd>" are very high. Therefore, it can be inferred that the adsorption
of Hg**, Cu®, Pb®>" and Cd*>" on the BMTTPA-CS-GO nano-
composite is mainly attributed to the chemical interaction
between BMTTPA-CS-GO and heavy metal ions.”

3.5 Comparison of BMTTPA-CS-GO with other adsorbents

The values of g, for Hg** removal by BMTTPA-CS-GO and other
adsorbents are compared in Table S4.} It is clear that BMTTPA-
CS-GO can be used as a good adsorbent for removing Hg”" from
water. The high adsorption capacity of Hg>* on BMTTPA-CS-GO is
due to the large number of thioether units on the pore walls that
have a strong affinity to Hg>". Although the g,,, value of BMTTPA-
CS-GO for removing Hg?" is not the highest, the covalently linked
BMTTPA-CS-GO nanocomposite is a stable, low-cost, efficient and
environmentally friendly adsorbent that can be mass-produced.
Therefore, BMTTPA-CS-GO is a highly practical material for
contaminated water or drinking water treatment applications.

3.6 Regeneration and recycling of BMTTPA-CS-GO

Adsorption-desorption experiments show that 0.1 M nitric acid
has a high elution efficiency (>86.5%) even after six cycles
(Fig. $77). In addition, elution of Hg>" with nitric acid did not
affect the adsorption performance of BMTTPA-CS-GO, and it
maintained a high adsorption capacity even after six cycles.
These results prove that BMTTPA-CS-GO has good reusability.

3.7 Adsorption mechanism of Hg>* by BMTTPA-CS-GO

The XPS spectra of BMTTPA-CS-GO before and after adsorption
of heavy metal ions were analyzed to understand the adsorption
mechanism of heavy metal ions on BMTTPA-CS-GO (Fig. 6). A

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of BMTTPA-CS-GO before and after ng+
adsorption. (A) XPS survey spectra. (B) High-resolution spectrum of Hg
4f electron after Hg?* adsorption. The S 2p spectra before (C) and after
(D) Hg?* adsorption. The N 1s spectra before (E) and after (F) Hg>*
adsorption.

new binding energy peak is found at 102 eV after Hg>* adsorp-
tion, which can be attributed to Hg 4f photoelectron, indicating
that Hg>" is adsorbed on BMTTPA-CS-GO.*"%> The spectra of Hg
4f°” and Hg 4f”* photoelectrons measured after adsorption of
Hg” by BMTTPA-CS-GO show clear binding energy shifts
compared to Hg>" (Fig. 6B), indicating that Hg>* combined
with N and S atoms in BMTTPA-CS-GO to form a new
complex.””*® This can be verified by the observed changes in the
S 2p spectrum of BMTTPA-CS-GO before and after Hg”"
adsorption. Deconvoluted peaks of the S 2p spectrum at 168.0
and 169.2 eV shown in Fig. 6C can be attributed to S 2p
photoelectron in C-SOx groups.®*®® After the adsorption of
Hg>", the peaks are obviously lower in intensity and new
deconvolution peaks at 164.0 and 162.8 eV appear in the spec-
trum (Fig. 6D), which could be assigned to the formation C-S:--
Hg complexes. The element mapping spectra of BMTTPA-CS-
GO show that the H and S elements are highly overlapping,
which proves that BMTTPA-CS is the key factor of adsorption
(Fig. S81). The N 1s spectra of BMTTPA-CS-GO before and after
Hg>" adsorption are shown in Fig. 6E and F, respectively. The N
1s spectrum of BMTTPA-CS-GO before Hg>' adsorption
includes three peaks that can be assigned to C=N (399.2 eV),
C-N (400.2 eV), and N-H (401.7 eV), respectively.”” After Hg>*
adsorption, the three binding energy peaks are markedly
decreased. Such decreases are primarily due to the fact that
the N atoms in the amino and amide groups share their spare
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Scheme 1 The proposed chelating compound structure of Hg?* and
BMTTPA-CS-GO.

electrons with Hg causing a decrease in electron density. These
results show that amide and amino are also the primary groups
that contribute to the excellent adsorption capacity of BMTTPA-
CS-GO.*® Comparison of the XPS spectra of BMTTPA-CS-GO
before and after Hg>" adsorption shows that Hg>* has a strong
chelation interaction with N and S atoms in BMTTPA-CS-GO.
These results indicate that the strong adsorption behavior is
mainly due to the chelation between Hg*>* and BMTTPA-CS-GO
(Scheme 1).

4. Conclusion

In conclusion, a novel porous BMTTPA-CS-GO nanocomposite
was prepared by covalently grafting BMTTPA-CS onto GO
surface, and used for the removal of heavy metal ions from
polluted water. The adsorption performance of BMTTPA-CS-
GO is better than that of most reported adsorbents used for the
removal of heavy metal ions from contaminated water. Impor-
tantly, the stable, environmentally friendly, cost-effective and
excellent adsorption performance of BMTTPA-CS-GO make it
a promising nanocomposite for the removal of Hg>* and other
heavy metal ions from polluted water, and even drinking water.
This study suggests that covalently linked crucial functional
groups on the surface of carbon-based material are essential for
the development of adsorbents with excellent performance for
heavy metal ion adsorption.
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