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Abstract

Heavy metals are present in sewage in several forms, increasing treatment problems and causing major environmental prob-
lems. Highly selective adsorption of the most dangerous heavy metals is one of the most important methods for water treat-
ment and resource utilization. In this regard, a new mercapto grafted magnetic graphene oxide nanoadsorbent (MGO-SH) was
synthesized and applied to remove excess mercury from aqueous solutions. To synthesize MGO-SH, GO was reacted with
thionyl chloride (SOCl,) and the acylated GO (GO-COCI) was grafted with p-Mercaptoaniline (MA). To characterize the
synthesized nanoparticles, Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and scanning electron microscope (SEM) were used. Some
of the key parameters that might affect the removal efficacy, such as pH, nanoadsorbent amount, contact time, and some
co-existing cations found in aqueous solutions, were also investigated. The optimum conditions to be as follows: adsorbent
dosage 20 mg, pH of solution 6, and contact time of 20 min. The results showed that the equilibrium data for mercury sorp-
tion onto the proposed nanoadsorbent abide the Freundlich equation. Moreover, thermodynamic studies indicated that the
adsorption is spontaneous and endothermic. Finally, the proposed nanoadsorbent was successfully used to remove mercury
from the real water samples. Therefore, these nanosorbents could be good candidates for Hg (II) removal with the advantages
of high sensitivity, high capacity, cost-effectiveness and ease of use.
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Introduction industrial sources that produce Hg (IT) polluted wastewa-

ters [3—-6]. Mercury exists in three oxidation states includ-

Mercury, a persistent and extensively harmful pollutant that
could accumulate in the food chain causes negative effects
on the humans and ecosystem [1, 2]. Chlor-alkali, electro-
plating, dye, plastics, paper, dental filling materials, batter-
ies, pesticides, herbicides, and insecticides are some of the
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ing elemental mercury (Hg®), methylmercury (Hg (I)), and
inorganic mercury (Hg (II)) in biological and environmental
systems [2]. According to the standards, 2 and 10 pg L~
are the permitted levels of mercury for drinking water and
surface water discharge, respectively [6]. It is therefore cru-
cial to develop efficient methods of mercury removal from
water resources.

Several methods have been proposed to treat mercury
containing wastewaters. These include membrane separa-
tion, chemical precipitation, ion exchange, and adsorption
[7-10]. Amongst these methods, adsorption is the most
studied one because it offers many advantages in terms of
process design, operation, and cost [11-18]. To treat Hg
(Il)-contaminated wastewaters, various adsorbents such as
activated carbons, zeolites, polymers, and biomass mate-
rials [19-21] have been extensively developed. However,
the majority of these materials are unsuitable due to poor
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selectivity, weak regeneration, and difficulty in separating
the adsorbed compound from the mother solution [22].

Due to its wide surface area, porous structure, flexibility,
and chemical stability, graphene has attracted great atten-
tion. It is a great candidate for the generation of graphene-
based composite materials [23—25]. On the other hand, mag-
netite nanoparticles (Fe;O, NPs) with their small size and
high surface energy have a superparamagnetic property that
allows them to be recycled by magnetic separation and could
easily be regenerated [26, 27]. A combination of the high
adsorption capacity of graphene and the magnetic properties
of the Fe;0, NPs could provide both of these benefits in a
single nanoadsorbent.

Surface modification of the GO could induce selective
targeting. Reports show that Hg (II) has a high affinity
towards sulfur-containing ligands and they have been suc-
cessfully applied for mercury selective electrode construc-
tion [28, 29]. Therefore, immobilization of S-containing
ligands on the surface of GO-based magnetic nanoparticles
produces a good adsorbent for selective mercury removal.

In this paper, magnetic graphene oxide (MGO) nanoad-
sorbent functionalized with p-mercaptoaniline was fabri-
cated and characterized by various methods. Furthermore,
the potential of MGO-SH hybrids as an effective adsorbent
for mercury abatement from aqueous media is demonstrated.
The thermodynamic and kinetic information of the adsorp-
tion process were studied to shed some light on the process
of the adsorption of mercury molecules onto the proposed
nanoadsorbent.

Materials and methods
Materials

p-mercaptoaniline (C¢H;NS), nature flake graphite, fer-
rous chloride tetrahydrate (FeCl,.4H,0), ferric chloride
hexahydrate (FeCl;.6H,0), ammonia solution 25%, sodium
hydroxide (NaOH), hydrochloric acid (HCl, 36.5%), sulfu-
ric acid (H,SO,, 98%), potassium permanganate (KMnO,),
sodium nitrate (NaNO;), hydrogen peroxide (H,0,, 30%),
thionyl chloride (SOCl,), tetrahydrofuran (THF), N,N-
dimethylformamide (DMF), ethanol (C,HsOH), thiourea,
diethyl ether (C,H;),0 and triethylamine (Et;N) were all
purchased in analytical grade from Merck (Darmstadt,
Germany). A standard solution of Hg (II) (1000 mg LY in
HNO; 2 mol L") was purchased from Merck (Darmstadt,
Germany). The standard stock solutions for other metal ions
were purchased from Sigma-Aldrich. The stock solutions
were stored at 4 °C in the dark. The working standards were
obtained by weekly diluting with water. Triply distilled de-
ionized water was used throughout.
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Preparation of GO-SH

Hummer’s method was used for the preparation of GO. In a
typical experiment [30], graphene oxide (GO) (30 mg) was
refluxed in SOCI, (20 mL) in the presence of DMF (0.5 mL)
at 70 °C under argon atmosphere for 24 h. At the end of the
reaction, excess SOCI, and solvent were removed by distil-
lation. The acylated graphene oxide (GO-COCI) was washed
with anhydrous THF and vacuum dried. In the presence of
triethylamine (Et;N, 0.5 mL), GO-COCI was allowed to
react with paramercaptoaniline (30 mg) in anhydrous DMF
(10 mL) at 130 °C for 72 h under argon. The solution was
cooled to room temperature and then poured into ether
(300 mL) to precipitate the product. The precipitate was iso-
lated by using centrifugation. The excess p-mercaptoaniline
and other impurities were removed through washing cycles,
which included sonication, filtration, and re-suspension of
the solid in THF five times. Following the above procedure,
the precipitate (GO-SH) was washed with ethanol and ether
and then washed with a small quantity of water to remove
triethylamine and finally dried under vacuum.

Magnetization of GO-SH

The MGO-SH nanoadsorbent was synthesized by copre-
cipitation of FeCl;.6H,0 and FeCl,.4H,0, in the presence
of GO-SH. An aqueous solution of iron salts containing
iron (II) chloride and iron (IIT) chloride was prepared in a
1:2 mol ratio. 100 mg of GO-SH in 40 mL of water was
ultrasonicated for 30 min; 50 mL of FeCl;.6H,0 (500 mg)
and FeCl,.4H,0 (190 mg) dissolved in DI water was added,
and the solution was stirred at room temperature under N,
atmosphere. The temperature was raised to 85 °C and a
25% ammonia solution was added increasing the pH to 10.
After stirring the solution at high speed for 45 min, it was
cooled to room temperature. The precipitate was isolated by
a strong magnet and the impurities were removed by wash-
ing with DI water. The MGO-SH nanoadsorbent was washed
with absolute ethanol and dried under vacuum at 60 °C. The
preparation process of MGO-SH is schematically shown in
Fig. 1.

Sample characterization

The XRD pattern of the MGO-SH nanoadsorbent was
obtained using a PW-1840 diffractometer (Philips Co.) with
Cu-Ka radiation (1=1.54178 A®) in the 26 range of 5-80°.
XPS spectra were recorded by 8025-BesTec twin anode
XR3E2 x-ray source system. Transmission electron micros-
copy was performed using a Zeiss 900 TEM at a voltage of
80 kV and scanning electron microscope (SEM, MIRAII
LMU TESCAN) were used to determine the morphology
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Fig. 1 The preparation process of MGO-SH

of the nanoadsorbent. Vertex70 FT-IR spectrophotometer
(Bruker Co.) was used for recording the FT-IR spectra.
All absorption measurements were performed with Per-
kin-Elmer Zeeman 3030 atomic absorption spectrometer
equipped with the HGA 600 atomizer. The pH adjustment
was carried out by a Metrohm 691 pH meter (Switzerland).

Batch adsorption experiments

In batch experiments, 50 mL aqueous solution of Hg (II)
(10 mg L™") and 20 mg of the nanosorbent were added to
a stoppered flask, and at 200 rpm were shaken for 20 min
at room temperature. The adsorbent was separated mag-
netically, and then the concentration of the residual Hg (II)
was determined by an atomic absorption spectrometer. The
removal efficiency was calculated using Eq. (1):

¢ —-C
Mercury removal efficiency (% ) = [ OC r] X100 (1)
0

where C, and C, are the initial and final concentrations of
the mercury ion, respectively.

Adsorption isotherms

To comprehend the adsorption process, it is essential to
have some information about the adsorption isotherms
of the adsorbent [31]. To obtain the mercury adsorption
isotherms onto the MGO-SH surface, various quantities
(10-50 mg) of MGO-SH were added to the vials contain-
ing 50 mL of 10 mg L~! Hg (II) solution. The solutions
were stirred for 20 min to achieve equilibrium. After the

Magnetization

separation of nanoparticles, the Hg (II) residual was meas-
ured in an aqueous solution. Based on the mass balance
equation, the amount of the adsorbed Hg (II) onto MGO-
SH was calculated:

v(C,-C
qe=M )

m
where g, (mg g~") is the adsorption capacity, V is the vol-
ume of the Hg (II) solution (L), C, and C, are the initial and
equilibrium Hg (IT) concentrations (mg L™!), and m is the
mass (g) of the dry MGO-SH added.

Several isotherm models are proposed for the equilibrium
adsorption [32-36], but the most popular ones are Longmuir
and Freundlich. The Langmuir hypothesis is predicated on
the idea that sorption occurs at particular homogeneous sites
within the adsorbent. It is then presumed that if a molecule
has occupied a region, no further adsorption will occur
there. As a result, a saturation value is reached above which
no further sorption will occur theoretically. Assuming mon-
olayer adsorption occurring on a homogeneous adsorbent
surface, the linearized form of the Longmuir isotherm is
expressed as:

CC 1 + CB

q. B quax

qmax (3)
where C, is the equilibrium concentration of Hg (II) remain-
ing in the solution (mg L™!). g, is the quantity of adsorbate
adsorbed per unit mass of adsorbent at equilibrium (mg g~1).
The Langmuir constants ¢,,,, and b are calculated by tak-
ing the slope and intercept of the line and plotting (C,/q,)
versus C,.
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The Freundlich isotherm is derived by assuming a het-
erogeneous surface with a non-uniform distribution of heat
of adsorption over the surface. The linearized form of the
Freundlich equation is expressed as follows:

loggq, =log Ky + 1 log C, “
n

where K. is Freundlich constant and 1/n is the heterogeneity
factor. K represents the capacity of the adsorbent for the
adsorbate, n is the reaction order, while 1/n is a function of
the strength of adsorption.

Results and discussion
Characterizations

X-ray diffraction measurements were carried out to investi-
gate the material phase structure as shown in Fig. 2. The peak
observed at 260=10.2°, which corresponds to (0 O 1) crystal
planes of GO, was attributed to the diffraction of graphene
[37] and indicated that the graphene structure was preserved
after functionalization. All of the other significant diffrac-
tion peaks at 260=30.0°, 35.3°,42.9°, 53.4°, 56.9° and 62.5°
of the MGO-SH sample matched well with the JCPDS card
(19-0629) which are assigned to (220), (311), (400), (422),
(511), and (440) of the crystal planes of Fe;0,, respectively.

The images of the prepared nanoadsorbent were obtained
by SEM and TEM. As shown in Fig. 3, the iron oxide nano-
particles were successfully coated on the surface of GO to
form MGO nanoadsorbent.

To investigate the interaction between p-mercaptoaniline
and GO, the FT-IR spectrum was recorded (Fig. 4). It was
observed that the GO sheets carried adsorbed water mol-
ecules and structural OH groups (a strong absorption band
at 3410 cm™! due to O-H stretching vibrations). C=0 (the
C=O0 stretching vibrations from carbonyl and carboxylic
groups at 1734 cm™!), and C—O (C—OH stretching vibrations
at 1200 cm™! or O—C—O stretching vibrations at 1050 cm™)
groups, indicated the attachment of oxo-groups on GO
sheets after the chemical oxidation of the flake graphite. The

spectra also showed a band around 1520 cm™! corresponding
to the C=C stretching vibrations of carbon—carbon bonds in
the aromatic ring. The band at 1689 cm™ corresponds to
the C=0 characteristic stretching band of the amide group;
the stretching band of the amide C-N peak appeared at
1260 cm™!. These results proved that the p-mercaptoani-
line is covalently attached to the carboxylic groups of GO
through the formation of a stable amide bond. The spectra
also showed S—H stretching vibration of the mercapto group
at 2540 cm™! and the weak band at 560 cm™! was assigned
to the C-S stretching vibrations. The peak at 584 cm™! was
the characteristic peak of Fe;0,.

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the chemical composition of the GOM-SH composite.
Figure 5a illustrates the C1s deconvolution spectrum of GOM-
SH, and six different carbon-containing functional groups of
(a) the non-oxygenated carbon (-C=C SP?) at 283.5 eV, (b)
the non-oxygenated carbon (-C=C SP3) at 285.0 eV, (c) the
carbon (C-N) at 285.3 eV, (d) the hydroxyl carbon (C—OH)
at 286.0 eV, (e) the carbonyl (C=0) at 287.4 eV, (f) the car-
boxylate carbon (O-C=0) at 289.5 eV were observed. Five
peaks are present in the O1s spectrum of GOM-SH (Fig. 5b),
which correspond to Fe—O at 530.7, N-C=0 at 532.0, C(O)
OH at 532.7 eV, C-OH at 533.8 eV, and H,O at 535.3 eV.
The peak at 530.7 eV is the contribution of the anionic oxy-
gen in Fe;0,. The formation of Fe;O, nanoparticles was also
confirmed by the high-resolution Fe 2p spectrum (Fig. 5¢),
in which the peaks at 725.2 and 711.6 eV are characteristic
of Fe 2p1/2 and Fe 2p3/2 of Fe;0,. In addition, the presence
of Cls peak at 285.3 eV (C-N) which corresponds to the
amide group confirmed the covalent bond formation between
p-mercaptoaniline (MA) and GO-COCI [38]. Also, Ols peak
at~532.0 eV (N-C=O0) proved that MA was grafted to the
surface of graphene oxide by amide bonding.

Adsorption experiments
Effect of solution pH

The solubility and the form in which a metal is present
in the solution and the ionization of functional groups on
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Fig.3 SEM images a low-magnification, b high-magnification and TEM image ¢ of MGO-SH

the surface of the adsorbent are affected by the pH of the
solution [39, 40]. The performance of the nanoadsorbent
was studied in the pH range of 2.0-7.0 (Fig. 6). The sorp-
tion of mercury initially increased with pH and a plateau
occurred at pH 4 onwards. The surface chemistry in an
aqueous phase could explain this pH-dependent trend. Hg
(ID) is classified as a soft metal ion according to Pearson’s
hard-soft acid-base theory (HSAB) [41] and selectively
interacts with nitrogen and sulfur atoms of the molecules
[42, 43].

It is proved that surface charge is a key factor for the
adsorption of metal ions [44, 45] and it is very much depend-
ent on the pH of the solution. The surfaces of modified nan-
oparticles are covered with mercapto groups. At low pH,
adsorption sites are passivated as the mercapto groups are
protonated, and hence mercury adsorption is suppressed.
The adsorption studies at more alkaline solutions (pH > 7)
were not carried out; because mercuric ions might pre-
cipitate. Therefore, PH 6 was selected as the optimum pH
throughout the experiments.
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Fig.4 FT-IR spectrum of
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Effect of adsorbent dosage

The optimum amount of the nanoadsorbent which can
remove mercury ions from aqueous solution was found
by batch-mode sorption. In due course, various amounts
(10-50 mg) of MGO-SH nanoadsorbent were examined and
the mercury removal efficiency as a function of nanoadsor-
bents dosage was monitored. It is shown that increases in
nanoadsorbent dosage increase the mercury removal percent-
age; with stirring time 20 min, removal percentage reached
steady state after addition of 20 mg of MGO-SH nanoad-
sorbents to 50 mL aqueous solution containing 10 mg L™}
mercury ion pH 6. For subsequent experiments, 20 mg was
selected as the optimum amount of the nanoadsorbent.

Effect of contact time

The time dependence of mercury removal was evaluated in
the range of 10-90 min. To perform this experiment, 10 mg
of nanoadsorbent was added to 50 mL of mercury solution at
a concentration of 10 mg L=" at pH 6, and then it was stirred
at laboratory temperature at 200 rpm. The results showed
that the adsorption of mercury ion on the nanoadsorbent
is achieved in the first 20 min and then remained constant
afterward. Therefore, 20 min was chosen as the optimal time
for further experiments.

Effect of initial concentration

To investigate the relationship between the initial concen-
tration of Hg (II), g, and the adsorption percentage of Hg
(I) on the MGO-SH, different concentrations of Hg (II) in
the range of 10 mg L™! to 700 mg L~'were tested (Fig. 7).
The experimental results showed that the equilibrium sorp-
tion capacity of the adsorbent increases with increasing the
initial concentration of Hg (II) ion. This is since the higher
the initial concentration of Hg (II) ions, the greater the driv-
ing forces of the concentration gradient at the solid—liquid
interface which leads to an increase of the adsorption of
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Wavenumber (cm)

Hg (II) ions. When the initial concentration of Hg (II) ions
increases from 10.0 to 500.0 mg L', the equilibrium amount
of the adsorbed Hg (II) ions (g,) increases from 24.6 to
550.0 mg g~ ! and the mercury removal efficiency decreases
from 98.5 to 44.0%. This decrease is likely related to the
reduction of the available sites on the adsorbent because of
the occupation of these sites with mercury at higher con-
centrations of Hg (II) ions. When there are more Hg (II)
ions in the solution, most of the active sites are involved in
the adsorption process and the adsorption capacity reaches
a steady level, indicating saturation of the available binding
sites on the adsorbent. It should be noted that at lower initial
concentrations (below 10 ppm), a 98.5% removal can be
achieved by MGO-SH adsorbent, that is, for these mercury
concentrations, the adsorbent is effective for complete mer-
cury removal [46—48].

Adsorption thermodynamics

To investigate the effect of temperature on the adsorption
process of mercury onto MGO-SH, the removal efficiency of
a 10 mg L™! mercury solution under optimal conditions (i.e.,
contact time: 20 min, pH 6.0 and adsorbent dosage: 20 mg)
was monitored in the temperature range of 278-308 K
(Fig. 8). The figure shows the temperature dependency of
the efficiency and the endothermic nature of the adsorption
process.

According to van't Hoff equation, the slope and intercept
of the plot In(q,/C,) versus 1/T determine the changes of
enthalpy (AH) and entropy (AS), respectively:

9.\ _AS AH
()25 A
n<c> R RT ©)

e

where R is the universal gas constant (8.314 J mol~! K) and
T is the absolute temperature (K). Thermodynamic param-
eters of adsorption of mercury onto the nanoadsorbent are
shown in Table 1.



Journal of the Iranian Chemical Society (2022) 19:3501-3511

3507

C1s A O1s Q B
MGO-SH e
3 3
8 &
z =
= 2
£ £
292 290 288 286 284 282 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
C
MGO-SH Fe2p(1/2) Fe2p(3/2)
5
s
-y
(/1]
[ —
8
£
740 736 732 728 724 720 716 712 708 704

Binding Energy (eV)

Fig.5 XPS spectra of MGO-SH a Cls, b Ols, ¢ Fe 2p

The feasibility and the spontaneity of the adsorption
process could be concluded from the negative free energy
of the adsorption processes (AG) at all temperatures. The
increase in AG values with an increase in temperature
shows an increase in the feasibility of sorption at higher
temperatures. The endothermic nature of the process could

be deduced from the positive value of AH. In other words,
mercury diffusion into the adsorbent surface is an endo-
thermic process. The positive value of AS shows that an
increase in randomness occurs at the interface during the
sorption process. It is notable that the adsorption process
with AG values between —20 and 0 kJ mol~! corresponds
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Fig.6 The pH influence on the removal efficiency of Hg (II). Experi-
mental conditions: MGO-SH dosage 10 mg, stirring time 20 min, Hg
(II) volume 50 mL, initial Hg (II) concentration 10 mg L!
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Fig.7 The relationship between the initial concentration of Hg (II)
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Fig. 8 Effect of temperature on the removal of mercury. Experimental
conditions: pH 6.0, stirring time 20 min, initial Hg (II) concentration
10 mg L™! and nanoadsorbent dosage 20 mg
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to spontaneous physical process—physisorption—while val-
ues between — 80 and —400 kJ mol~! correspond to chem-
isorption processes [49-51]. The AG values obtained in this
study lead to the conclusion that the adsorption process is
dominated by physisorption. This also is supported by the
fact that AH <40 kJ mol~!, indicating a physical adsorption
process [49-51].

Adsorption isotherm modeling

Longmuir and Freundlich models were used for the equi-
librium adsorption data analysis of mercury on MGO-SH.
The fitted experimental data with both models are shown
in Fig. 9. Table 2 summarizes the models constants and
correlation coefficients (R?). Adsorption of the mercury on
MGO-SH is better described by Freundlich model with the
greater R2. The value of 1/n (0.43), which is less than 1, indi-
cated the heterogeneity of the MGO-SH with an exponential
energy distribution of surface active-sites [52]. The Freun-
dlich constant (1/n) is related to the adsorption intensity of
the adsorbent. When 0.1 < 1/n<0.5, adsorption occurs read-
ily; when 0.5 < 1/n <1, there is a difficulty with the absorp-
tion and when 1/n> 1, adsorption is quite difficult [53]. The
1/n and K values of adsorption of Hg (II) on the MGO-SH
were 0.43 and 64.56, respectively, indicating that the mer-
cury could easily be adsorbed on the MGO-SH nanoadsor-
bent with a high adsorption capacity [54, 55].

Removal of mercury from real samples

In order to evaluate the reliability of the method, several
real water samples were analyzed by cold vapor atomic
absorption spectrometry (CVAAS). The batch adsorption
experiment was carried out on 50 mL of these samples under
optimal conditions, i.e., contact time: 20 min, pH 6.0, and
adsorbent dosage: 20 mg. The data obtained with the pro-
posed methods for spiked and real samples are presented in
Table 3. The removal efficiency ranged from 94.9 to 98.5%
indicating a remarkable ability of the synthetic adsorbent for
Hg (II) removal from real samples. Moreover, the precisions
of the applied method were assessed by calculation of the
relative standard deviation (RSD %) based on three cumula-
tive replicates for each elimination assay. It can be seen from
Table 3 that the RSDs% are as low as 2.3%, indicating that
the precision of the applied method is acceptable.

Selectivity test

Toxic metallic species rarely exist individually in wastewa-
ters, and other metal ions are also present. Therefore, mer-
cury removal from real samples is dependent upon the pres-
ence of other cations which could compete for the binding
sites with mercury and cause lower mercury uptake. The
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Table 1 Thermodynamic

ASy(J mol™' K71 AH, (kJ mol™) AG, (kJ mol™")
parameters of mercury
adsorption onto the MGO-SH 278 K 288 K 298 K 308 K
nanoadsorbents
151.89 32.54 -9.69 —-11.21 -12.72 —14.24
0.015 Table 3 Removal of Hg?* from different water samples using MGO-
A . SH
& 001 Water samples ~ Hg?" Conc.  Added Hg** Removal % (RSD%)°
C] . (mgL™
< Mean+S.D.?
J’ 0.007 - .
; Deionized water n.d.c 10 98.5(2.4)
0.003 . . . . . . Tap water nd 10 98.0 (2.6)
0 0.1 0.2 03 04 0.5 0.6 0.7 e
Ce (mgl ) Wastewater 9.8+0.3 0 97.1 (2.9)
2 9.8+0.3 10 94.9 2.7)
B
Optimal conditions: contact time: 20 min, pH 6.0 and adsorbent dos-
16 4 age: 20 mg
@ 2Standard deviation (n=23)
2 PRelative standard deviation
121 “Not detected
4The tap water was taken from a laboratory of Research Institute of
0.8 . . i . . ‘ Petroleum Industry (Tehran, capital of Iran)
1.4 12 -1 -0.810g c, 06 04 02 0 ®The wastewater was taken from heavy metal laboratory of Research

Fig.9 Isotherm plots of Hg (II) adsorption onto MGO-SH: a Lang-
muir isotherm and b Freundlich isotherm

Table 2 Adsorption isotherms parameters of Hg>* onto the MGO-SH
nanoparticles

Langmuir model Freundlich model

b R? Log K. 1/n R?

Gmax

66.66 3.65 0.984 1.81 0.43 0.995

optimal experimental conditions described above were used
to study whether or not other cations could act as interfering
ions during the mercury removal (Fig. 10). These experi-
ments were performed with a fixed mercury concentration
of 10 mg L™, while the concentration of each coexisting
cations varied within two orders of magnitude. The amount
of the foreign ion causing a change of +5% in the mercury
removal efficiency was defined as the tolerance limit. In the
presence of the ten folded concentrations of copper, nickel,
and cadmium, fifty folded of lead, and one hundred folded of
sodium and calcium ions, the removal percentage of mercury
remained within the tolerance limit (Fig. 10). Consequently,
the aforementioned cations had no significant effect on the
Hg (IT) removal by MGO-SH nanoadsorbent; this fact could
be assigned to the selective interaction of mercapto group
with mercury ions.

Institute of Petroleum Industry

Recovery of mercury ion and reusability of MGO-SH

According to the literature [56, 57], in the absence of thio-
urea, Hg (II) adsorbed on SH groups cannot be quantita-
tively eluted. Hence, a mixed solution of HCI and thiourea
was used for fast and quantitative elution of mercury from
the adsorbent. Eluents of HCI at concentrations from 0.1 to
3.0 M mixed with 2% (m/v) thiourea were used for the des-
orption of the Hg-adsorbed MGO-SH adsorbent. Before this
acid treatment, the magnetically recovered nanoadsorbent
was washed first three times with deionized water to remove
Hg (IT) which was loosely attached to the vial or to the adsor-
bent itself. A 5 mL aliquot of the desorbent was then added
and shaken for 30 min. The nanoadsorbent was separated
magnetically from the desorbent, and its mercury concentra-
tion was determined. The experimental results indicated that
92% of the total adsorbed Hg (II) can be removed by 5.0 mL
of 2.5 mol L' HCI and 2% (m/v) thiourea.

After the first regeneration, the adsorption studies were
repeated. The nanoadsorbent was again regenerated and
subjected to further use. The desorption efficiencies of the
nanoadsorbent of the five reuses showed up to 4 cycles,
there is no change in the Hg (II) sorption capacity of the
MGO-HS. It could be concluded that the chemical bonding
between mercapto group and magnetite plays a major role in
retaining the capacity of the MGO-SH nanosorbents.
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Fig.. 10 Effect of co-existing 120
cations on mercury removal O1:1 1:10 ©1:50 B1:100
S100 {
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5
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£ 40 -
o
S 20 -
0 \ \
Only mercury + mercury + mercury + mercury + mercury + mercury +
mercury copper cadmium nickel lead sodium calcium
Table 4 Comparisop of the Adsorbent type pH  Contacttime  Adsorp- References
proposed method with other tion capacity
report;,:i methods for removal (mg g—l)
of Hg
SH-Fe;0,-MNPs 3 60 min 5229 [46]
Mesoporous silica grafted with 1-furoyl thiourea 6 4h 122.0 [58]
Fe;0,@Si0,-SH 65 4h 148.8 [59]
silica-coated CoFe,0, 5.5 60 min 19.8 [60]
Fe;0,/Au 7 60 min 79.59 [61]
Fe,0,-Ag’ - 10 min 71.3 [1]
Zeolite-magnetite composites - 24h 22.1 [62]
CFA-derived Ag” -nanocomposite 2 - 20.5-22.3 [63]
CoFe,0,@Si0,-EDTA 7 6h 103.3 [6]
Imino-diacetic acid IGO (Imino-1GO) 5 60 min 230 [47]
AAC cryogel 37 24h 742 [64]
MGO-SH 6 20 min 550 This work

Comparison to other methods

To make a comparative perspective of the obtained results,
some of the main parameters of the proposed method are
compared with other methods used to remove mercury.
Comparison of the results of the synthesized sorbent with
the reported values of the similar studies (Table 4) showed
that the proposed adsorbent has offered the highest maxi-
mum adsorption capacity. In addition, shorter adsorption
time is another advantage of the proposed method over
others.

Conclusions

Herein we have combined the extraction ability of mercapto
grafted graphene with the advantages of magnetic nano-
particles to fabricate a new magnetic nanoadsorbent with
a good tendency towards mercury ions. Some parameters
such as contact time, adsorbent dosage, and pH were opti-
mized and under optimal conditions, 98.5% of the Hg (II)
was removed. The adsorption data followed the Freundlich

@ Springer

isotherm equation, and the adsorption was both endothermic
and spontaneous. Although the synthesis of this sorbent is
not economical yet, it offers some exciting advantages over
the traditional methods and more studies are needed to make
it more affordable. Ease of separation by an external mag-
netic field, simple recovery, its reuse and regeneration are
some of these advantages.
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