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Abstract A new effective magnetic composite material was prepared successfully for adsorption
Hg(II) ions by introducing B-cyclodextrin/ethylene imine polymer to the mesoporous silica. The
morphology and structure of EIP-B-CD magnetic adsorbents were characterized by FT-IR, XR,
DTG, XPS and SEM technologies. The effect of many factors were discussed detailedly such as
adsorption time, initial concentration, pH, different composition of adsorbent and adsorption tem-
perature. It was found that EIP-B-CD showed excellent adsorption capacity, high selectivity, good
reutilization and fast adsorption rate. The maximum adsorption capacity was 248.72 mg/g and the
best removal rate was 99.49 % under the optimized experimental conditions. The kinetic and ther-
modynamic study showed typical characteristic of chemical adsorption, exothermic and sponta-
neous. The best mass proportion of B-cyclodextrin, ethylene imine polymer and glutaraldehyde
was 1.0:0.4:0.2, and proper B-cyclodextrin can develop the adsorption capacity for Hg(II) ions in
this adsorbent. The possible adsorption mechanism was investigated in detail. After the fifth cycle
experiment, this new adsorbent still showed excellent adsorption capacity which indicated that it
has great potential for Hg(II) ions cleanup in water solution.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As the rapid growth in technologies and industries, many heavy metals
pollution in the environment were more and more serious (Rivas et al.,
2012). Particularly, mercury has high toxicity, non-biodegradability
and bio accumulation, which was listed in the top ten chemicals of
public concern by the World Health Organization (WHO)
(Kingston, 2020). Mercury can bio-accumulate in food chains, form
mercury organic compounds in human body and ultimately accumu-
lates, so mercury is a high dangerous element and it’s removal process
is very difficult (Dziok et al., 2020).

Mercury pollution was a global and devastating threat to human
health and the environment, and about 11,000 tons/year industrial
wastewater containing Hg(II) ions was discharged(Boening, 2000).
Many species containing mercury were found in the garbage or munic-
ipal wastes derived from oil refinery, coal combustion, color-alkali pro-
duction, pharmaceutical, paint production, ferrous metallurgy and
metal mining (Gallup et al., 2017) Both Hg’ in the contaminating
atmosphere and Hg>" ions in aqueous solutions are not friendship
to human health (She et al., 2020; Girginova et al., 2010). When the
mercury was accumulated in the human body, serious diseases may
break out and can not be cured, especially as Alzheimer (Pigatto
et al., 2018) or Parkinson’s Disease (Ullah et al., 2021).

So, it is urgent to eliminate mercury from the gas or wastewater
before it is released into the environment (Ma et al., 2011). Many
methods as ion exchange (Chiarle et al., 2000), membrane separation
(Tian et al., 2011), adsorption (Park et al., 2018) and precipitation
(Wang et al., 2018) were employed to remove mercury in gas phase
or liquid phase. Among them, adsorption is applied widely due to its
advantages of fast action, flexibility, superior removal efficiency, low
energy consumption, low operating costs and easy access to raw mate-
rials (Guo et al., 2020).

The different adsorbents exhibited different adsorption capacity for
mercury, and many vary adsorbents were reported for good adsorption
of Hg2 + (Bibby and Mercier, 2002; Clercq, 2012; Forbes, 1974; Saeed
et al., 1999; Somayajula et al., 2013; Zhang et al., 2009; Mo and Lian,
2010). The adsorption of the Hg(Il) ions started at 1974 year, and
hydroxyl amount on the surface of the adsorbent was the important
factor (Forbes, 1974). Typical; Saeed et al investigated the formation
of Hg(II)-SCN complex in the adsorption process, 0.1 mol/L
hydrochloric acid solution was best solvent (Saced et al., 1999). A
chelating ion exchange resin named Duolite GT-73 with thiol groups
was synthesized successfully and applied for Hg(II) ions removal.
Chirle et al (Wang et al., 2018) found the adsorption speed controlling
step was intraparticle diffusion. Bibby et al (Bibby and Mercier, 2002)
proposed Thiol-Functionalized mesoporous silica microspheres could
be used for Hg?>* adsorption and an new ion permeation and displace-
ment mechanism was proposed. SH-ePMO, TP-214, low-cost activated
carbon, bacillus mucilaginosus and silica-gel were reported for adsorp-
tion of Hg(I1) ions (Clercq, 2012; Somayajula et al., 2013; Zhang et al.,
2009; Mo and Lian, 2010), and the asdorption capacity depended on
the functional groups.

Nowadays, some polymer materials exhibited great advantage for
the adsorption aspect. Zhou et al (Zhou et al., 2009) prepared
thiourea-modified magnetic chitosan material; and the maximum
adsorption capacity was 625.0 mg/g for Hg>" ions. He found that
Hg?" ions can be adsorbed selectively in solution containing many
other metal ions by ehylenediamine-modified magnetic crosslinking
chitosan microsphere, and the removal rate of Hg>* ions was more
than 90 % (Zhou et al., 2010). Polyaniline/humic acid composite was
applied for the adsorption of Hg(II) and Cr(VI) ions at the same time,
and the maximum adsorption capacity of Hg(II) ions was 672.0 mg/g
(Lietal, 2011). Wang et al prepared chitosan-poly(vinyl alcohol)/ben-
tonite composite material, and the best adsorption capacity for Hg(II)
ions was 460.18 mg/g (Wang et al., 2014). Another kind of functional-
ized magnetic composite material of tannic acid cross-linking cellulose/
polyethyl eneimine was prepared successfully, and its adsorption

capacity for Hg(Il) ions reached 247.51 mg/g (Sun et al., 2021). Hence,
magnetic polymer composite materials exhibited great potential
adsorption capacity for Hg(II) ions, but the preparation process was
complicated.

Another important factor of the effective adsorbent is the mono-
mer or ligand of polymerization, organic monomer which contains a
variety of groups maybe show special adsorption capacity. B-
cyclodextrin (B-CD) was reported as good organic ligand in the adsor-
bent, which contained an apolar cavity with two kinds of hydroxyl
groups (inside and outside) (Szejtli, 1998). B-CD can be introduced
into adsorbent forming functionalized composite materials by
crosslinking reaction, which can adsorb many pollutants as Cu(II) ions
(Badruddoza et al., 2011); methylene blue (Yang et al., 2016), and
methyl orange (Yan et al., 2016) effectively. The crosslinking reaction
can be effected by the ratio of reactants, reaction temperature, cross-
linking agents and cross-linking time (Monrin-Crini and Crini,
2013). Gawish et al used citric acid as a cross-linking agent for grafting
B-CD onto wool fabric and better antimicrobial property was detected
(Gawish et al., 2009). Glutaraldehyde was a good cross-linking agent
for the synthesis of cross-linked cyclodextrin polymer materials
(Mohamed et al., 2012). The cross-linked structure of the polymer
can be controlled effectively by varying the amount of cross-linking
agent, and the cross-linking density can determine the special perfor-
mance (Hoti et al., 2021). Hence, the removal of heavy metal ions also
can be realized by novel functional polymer composite materials con-
taining B-cyclodextrin by crosslinking reaction.

In order to exposit the advantage and potential capacity of novel
magnetic B-cyclodextrin polymer composite material for the removal
of Hg(II) ions, EIP-B-CD was prepared successfully based on ethylene
imine polymer and B-cyclodextrin as raw materials. Its adsorption per-
formance in the removal of Hg(II) ions was investigated in detail con-
sider the different conditions, the results were good due to many active
groups on the surface of adsorbent. The introduction of B-cyclodextrin
could develop the adsorption capacity of adsorbent effectively, and the
reutilizate performance of EIP-B-CD adsorbent was good. Moreover,
the equilibrium data was analyzed carefully by Langmuir and Fre-
undlich isotherm models (Fu et al., 2021), which based on our previous
research. The best mass proportion of B-cyclodextrin, ethylene imine
polymer and glutaraldehyde was found, and the adsorption for Hg
(I1) ions by this adsorbent was independent of the interfering anions.
The adsorption kinetics and adsorption mechanism were investigated
in detail, so this special function of EIP-B-CD adsorbent was revealed
successfully. Hence, as the efficient, practical, and novel magnetic poly-
mer composite material, EIP-B-CD adsorbent exhibited great advan-
tage for the removal Hg(II) ions in water solution, and which could
be used to selectivity for Hg(II) ions cleanup. All these works played
an important guiding significance for the removal of Hg(II) ions.

2. Materials and methods

2.1. Materials

Nano ferric oxide, tetraethoxysilane (TEOS), Triton X-100, 3-
aminopropyltriethoxy silicon (APTES) and glutaraldehyde
were purchased from Sinopharm Chemical Reagent Co., Itd.
Dimethyl sulfoxide (DMSO), anhydrous ethanol, ammonia
water, ammonium nitrate, hydrochloric acid, nitric acid,
sodium hydroxide and pyridine were purchased from Tianjin
Damao Chemical Reagent Co., Itd. Cetyltrimethyl bromide
(CTAB) was provided by Shanghai McLean Biochemical
Technology Co., Itd. Dithizone, ethylene imine polymer
(25 %) and PB-cyclodextrin was purchased from NanlJing
Chemical Reagent Corporation Limited Co., ltd. Mercury
nitrate was purchased from Guangzhou ZeHui Environmental
Science and Technology Co., Itd.
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2.2. Preparation of EIP--CD

2.2.1. Preparation of Fe;0 ,@SiO,

In order to purify the nano ferric oxide, Fe;Oy4 (2.0 g) was dis-
persed in HCI solution (0.25 mol/L, 250 mL) and stirred con-
tinuously for 3 h. Nano Fe;O4 was separated with magnet, and
further washed with distilled water some times. Next, the nano
Fe;04 (1.0 g) was dispersed in a round flask with 40 mL dis-
tilled water, 160 mL ethanol, 10 mL ammonia water and a cer-
tain amount of TEOS were added into the mixture carefully,
continuously stirred for 12 h (Sun et al., 2021; Yang et al.,
2021). After the solid was separated with magent, it was
washed some times by distilled water, then dried in an oven
and labled as Fe;04@SiO,.

2.2.2. Preparation of Fe;0 ,@SiO>@SiO,

According to the similar prepared method in literature (Sun
et al., 2021; Yang et al., 2021); Fes0,@SiO, (1.0 g) was dis-
persed in a mixture of CTAB (0.1 g), anhydrous ethanol
(400 mL), and distilled water (140 mL) under vigorous stirring.
20 mL TEOS was added slowly to the mixed solution and was
stirred for 10 h at 75 °C. Then, the powder was separated with
magnet and washed with distilled water some times, the pow-
der was vacuum dried at 60 °C for 5 h. Consider the residual
CTAB constituent, the powder was redispersed in ethanol
solution and ammonium nitrate (0.50 g) was added, then the
mixture solution was refluxed for 8 h at 85 °C. The product
was collected magnetically again and washed by distilled water
several times, then dried in a vacuum for 8 h at 55 °C. So the
nano Fe;0,@Si0,@Si0O, was obtained and it was named as
MMS.

2.2.3. Preparation of MMS-NH,

Typical, 1.0 g of the MMS powder was redispersed in 80 mL of
pyridine, 2.0 mL of ammonia water and 1.0 mL of APTES
were added into the mixture carefully. The mixture solution
was stirred for 12 h with the protection of N, atmosphere.
The brown powder was collected magnetically again and
washed by distilled water some times, then it was dried in a
vacuum for 10 h at 55 °C and labled as MMS-NH, (Sun
et al., 2021; Yang et al., 2021).

2.2.4. Preparation of EIP--CD

Some B-cyclodextrin solid was dissolved in DMSO solvent
carefully, the mixture was stirred at 55 °C in flask under the
protection of N, atmosphere. Then, 1.0 mL of APTES were
dropped into the flask slowly and stirred at 55 °C for 3 h. Some
ethylene imine polymer (25 %) was added in DMSO and stir-
red 30 min to form a uniform solution in another flask at room
temperature. Then, some ethylene imine polymer solution,
some B-cyclodextrin solution, MMS-NH, solid and DMSO
were added into a flask. After ultrasonic dispersion for
15 min, glutaraldehyde was dropped into the mixture slowly
and was stirred quickly and refluxed at 85 °C for 10 h under
the protection of N, atmosphere. After cooled to the room
temperature, the red powder was washed with distilled water
and vacuum dried for 8 h at 55 °C to obtain a magnetic ethy-
lene imine polymer/B-cyclodextrin composite material (EIP-f-
CD). Fig. 1 describes schematic illustration of the preparation
of the EIP-B-CD adsorbent.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were determined
under a D/max 2500 TC diffractometer using Cu-Ka radiation
(A = 1.541 A) at 40 kV and 35 mA between 10 and 80°(20).
Fourier transform infrared (FT-IR) spectra of the samples
were recorded as the KBr films in the range of 500—
4000 cm~' on a Nicolet 380 spectrometer. A vibrating-
sample magnetometer (VSM) were recorded on a EG & G
Princeton Applied Research Vibrating Sample Magnetometer.
The morphology of the samples were observed by scanning
electron microscope (SEM, JEOL 6500F). The BET character-
ization of the samples were performed ony the nitrogen
adsorption—desorption on a Quantachrome NOVA-2210e
automated gas sorption system and the results were calculated
by  Brunauer-Emmett-Teller(BET) and Barrett-Joyner-
Halenda(BJH) methods. X-ray photoelectron spectroscopy
(XPS) were recorded with a Perkin Elmer EHIS000C ESCA
system equipped with a hemispherica electron energy analyzer.
TG curves of the samples were recorded by a TGA/DCS using
nitrogen atmosphere as purge gas (40 mL/min) over a temper-
ature range of 50 ~ 800 °C and with a heating rate of 10 °C/
min.

2.4. Adsorption and desorption research

EIP-B-CD as the adsorbent, it is applied for mercury(Il) ions
adsorption process. Many influencing factors as initial Hg(II)
ions concentration, adsorption time, the pH of solution and
temperature were investigated in detail. 1000 mg/L standard
Hg(II) ions solution was configured by dissolving Hg(NOs),
solid carefully, lots of lower standard Hg(Il) ions solutions
were configured by diluting this solution with distilled water,
the certain pH value was adjusted by the addition of HNO;
or NaOH solutions slowly. The changed of pH value (ApH)
in every experiment was very small, and this parameter can
be ignored.

For investigating the effect of the initial Hg(II) ions con-
centration, 0.01 g of EIP-B-CD powder as the adsorbent was
added into the 50 mL solutions with the different Hg(II)
ions concentration from 50 mg/L to 300 mg/L, and pH
value of all solutions was 5.0 and adsorption time was fixed
at 180 min at 293 K. The conditions of investigating the
effect of adsorption time: EIP-B-CD adsorbent, 0.01 g; ini-
tial Hg(Il) ions concentration, 50 mg/L; solution volume,
50 mL; temperature, 293 K, pH, 5.0. The conditions of
investigating the effect of adsorption temperature:
EIP-B-CD adsorbent, 0.01 g; initial Hg(II) ions concentra-
tion, 50 mg/L; solution volume, 50 mL; pH, 5.0; adsorption
time, 180 min. The conditions of investigating the influence
of coexisting ions: EIP-B-CD adsorbent, 0.01 g; initial Hg(II)
ions concentration, 50 mg/L; solution volume, 50 mL; pH,
5.0; adsorption time, 180 min; temperature, 293 K; Na(l),
K@, Mgdl), AI(IIl) and Ca(ll) ions concentration,
50 mg/L.

After adsorption experiment, the remaining Hg(II) ions
concentration was analyzed by the national standard colori-
metric method (GB/T5750.6-2006). The adsorption capacity
or adsorption efficiency are calculated by the following
equations.
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Where Q. (mg/g) represents the adsorption capacity of
adsorbent for Hg(II) ions in water solution; C, represents
the initial Hg(II) ions concentration (mg/L) before adsorption;
C. represents the equilibratory Hg(II) ions concentration (mg/
L) after adsorption; m represents the substrate mass (g) of
adsorbent and V represents the solution volume (L); R repre-
sents the removal efficiency (%) of Hg(II) ions.

Additional, for the desorption experiment, 0.01 g of EIP-f-
CD adsorbent was added into 50 mL of mercury(Il) ions solu-
tion (50 mg/L) at 293 K, pH 5 and stirred for 180 min. Then
the Hg(II)-adsorbed EIP-B-CD was collected from the water
solution and it was transfered into HCI solution (3 mol/L)
for desorption experiment (Sun et al., 2021; Yang et al.,
2021). Next, the desorbed EIP-B-CD powder was washed with
distilled water some times and vacuum dried for 8§ h at 55 °C. It
was reused carefully for the reutilization performance research
at the same condition, which was consisted with our previous
research (Yang et al., 2021).

3. Results and discussion
3.1. Characterization of EIP--CD

3.1.1. FT-IR analysis

FT-IR characterization is applied to distinguish the chemical
composition of MMS-NH,, B-CD and EIP-B-CD. According
to the alone signal of B-CD sample, some broad adsorption

MMS-NH,

B -cyclodextrin-NH,
Ethylene imine polymer

glutaraldehyde

X APTES
B -cyclodextrin ~ HO e~ B-cyclodextrin-NH,
DMSO :
OH
H]©
H

Schematic illustration of the preparation of the EIP-B-CD.

peaks between 1028 cm™' to 1180 cm™' are belonged to the
stretching vibration of C—O at inner site of -CD molecule
in Fig. 2(a). There are also small weak peaks at 1409 cm™!
and 1439 cm™' due to the stretching vibration of C—O—C
bond or many hydroxyl. There are some small adsorption
peaks near 1421 cm ™! due to the distorte vibration of -CH»—
of B-CD molecule. A sharpen peak at 1647 cm™' is belonged
to the intramolecular hydrogen bond of B-CD molecule. A dis-
tinct adsorption peak at 2927 cm ™! due to the stretching vibra-
tion of -CH,— in B-CD molecule. There are many broad
adsorption peaks near 3390 cm ™! are belonged to the stretch-
ing vibration of hydroxyls in B-CD molecule (Yan et al., 2016).

For the MMS-NH, sample, there is a broad peak near
550 cm~' is belonged to the oscillation of Fe-O bond
(Ghasemzadeh et al., 2015). A strong characteristic adsorption
peak near 799 cm ™' and the absorption peak near 1089 cm ™
are belonged to the symmetric and antisymmetric stretching
of Si-O-Si bond, respectively (Yilmaz et al., 2017). A smal peak
near 1402 cm~' is belonged to the antisymmetric stretching
vibration of -CH,— in APTES molecule. The weak peak near
1630 cm™' and broad peak near 3348 cm™~! are belonged to
the vibration of amino groups (Zhou et al., 2017). Hence, —
NH, groups was grafted to the surface of MMS particles
successfully.

The all characteristic peaks of B-CD and MMS-NH, are
displayed for the EIP-B-CD sample in Fig. 2(a), and there is
a little red shift for the EIP-B-CD sample clearly. Two new
peaks are displayed near 1091 cm™' are the characteristic
absorption peaks of C—N and N—H bond due to the introduc-
tion of ethylene imine polymer (Yuan et al., 2014). Some clear
adsorption peaks at 1355, 1412 and 1465 cm ™" are belonged to
the different vibration of —-NH,. Additional, new absorption
peaks near 2850 cm ™' or 2983 cm ! for EIP-B-CD sample
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Fig. 2 (a) FT-IR spectra of B-CD, MMS-NH, and EIP-B-CD;
(b) TG curves of EIP-B-CD and MMS-NH,; (c) XRD patterns of
EIP-B-CD and standard Fe;Oy4; (d) VSM analysis of EIP-B-CD;
(e) Nitrogen adsorption desorption loop and BJH pore size
distribution analysis of EIP-B-CD.

are belonged to the symmetric or asymmetric stretching vibra-
tions of —CH, group. This indicate that the ethylene imine
polymer and B-CD are grafted on the surface of magnetic par-
ticles successfully.
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Fig. 2 (continued)

3.1.2. TG analysis

The curves of EIP-B-CD and MMS-NH, are displayed in
Fig. 2(b). For the first decomposition stage (50-190 °C) of
EIP-B-CD particles, the weight loss rate is approx. 5.67 % is
attributed to the loss process of physisorbed water and part
of the hydroxyl (-OH) groups. For the second stage (200-
660 °C), the distinct weight loss rate is approx. 45.81 % is
attributed to the decomposition of B-CD molecule and ethy-
lene imine polymer (Yan et al., 2016); so the thermodynamic
properties of EIP-B-CD is not stable. While from Fig. 2(b),
the weight loss rate is approx. 3.62 % from the TG curve of
MMS-NH,; particles, which suggest that good thermal stability
and both —NH, and mesoporous silica were coated onto the
micro Fe;Oy4 particles.

3.1.3. XRD characterization

XRD patterns of EIP-B-CD particles are displayed in Fig. 2(c).
As is shown from Fig. 2(c), XRD patterns of fresh adsorbent
show the typical characteristic of standard Fe;O4(No.65—
3017) (Phothitontimongkol et al., 2009), orderly structure
and crystallization are approved for the EIP-B-CD particles
due to the existence of broad distinct diffraction peak at
20 = 21.3°. It can be seen that adsorbent appears some disper-
sive diffraction peaks near 20 = 22.0° after adsorption from
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Fig. 2(c). The reasons maybe are the disorder of crystal struc-
ture increasing and the integrity of crystal structure is lower
significantly after adsorption (Pouya et al., 2020). The distinct
diffraction peak appears near 20 = 28.3° is attributed to the
strong interaction between many active hydroxyl groups of
B-CD molecule with Hg(II) ions in solution. The other diffrac-
tion peaks are similar in Fig. 2(c).

3.1.4. VSM characterization

The VSM curve of the EIP-B-CD adsorbent is displayed in
Fig. 2(d). The magnetization saturation (Ms) of EIP-B-CD
adsorbent is 0.06 emu/g from the Fig. 2(d), and this lower
value is attributed to the surface coating of polymers and
SiO,, but this weak magnetic property can satisfy fast adsorp-
tion and fast separation.

3.1.5. BET analysis

Nitrogen adsorption desorption loop and BJH pore size distri-
bution analysis for the EIP-B-CD adsorbent are shown in
Fig. 2(e). According to the IUPAC classification, it can be seen
that the EIP-B-CD absorb is of type IV, a hysteresis loop with
distinct weak platform at the site of the moderate relative pres-
sure, so the pores are ordered highly. This reslut exhibits the
feature of mesoporous structure, and the pore diameter distri-
bution of this adsorbent are focused at 7.1 nm in Fig. 2(e).
Additional, the surface area and pore volume of the EIP-B-
CD absorbent are 6.684 m?/g and 0.115 m?/g, respectively.

3.1.6. SEM characterization

SEM images of EIP-B-CD adsorbent and element distribution
ratio are shown in Fig. 3. The surface of EIP-B-CD (Fig. 3(a))
is not relative denser and coarse, so the ligand and the mag-
netic particles are crosslinked tightly with many ligands, so this
magnetic composite adsorbent are prepared succefffully. Com-
pared with SEM images of Fe;04@SiO, and MMS-NH, par-
ticles in the literature (Ahmadi et al., 2017; Yang et al., 2021),
the surface structure exhibits alveolate state and more thickly.
The element distributions are uniform on the surface of EIP-f-
CD adsorbent which are displayed clearly in Fig. 3(b), C, N, O
and Fe element are distributed widely on the surface of EIP-3-
CD adsorbent. The different element ratio of C, N, O, Fe, Si
and Au eclements are shown in Fig. 3, and the content of O
and Si are the major(H element is not distinguished by this
method). Au element is extra added in the preparation and
testing process of sample, and the accuracy element content
analysis for the mapping image are listed in Table 1.

On the surface of EIP-B-CD adsorbent, carbon atomic per-
centage is the maximum as 49.07 % which indicate that the -
cyclodextrin and ethylene imine polymer molecules are cross-
linked with the ligands on the magnetic particles. The atomic
rate between O and Fe is far more than 4:3 due to the B-
cyclodextrin afford many oxygen atoms. The similar case is
displayed in mass percentage, and the mass percentage of Fe
element is high as 25.37 % and magnetic capacity of the adsor-
bent material is apparent.

3.2. Effect of pH value on adsorption

In water solution, the pH value is the important parameter,
and the metal ions adsorption behavior on the adsorbent sur-

face only localize at certain pH value range. The adsorption
performance of Hg(II) ions by the EIP-B-CD adsorbent (the
mass proportion of B-cyclodextrin, ethylene imine polymer
and glutaraldehyde is 1.0:0.4:0.2) in different pH solution
(from 1 to 7) is displayed in Fig. 4. The adsorption capacity
of Hg(II) ions increased as the increment of pH value from 1
to 5, but the Zeta potential value of solution decreased dis-
tinctly, and the maximum adsorption capacity appears at pH
of 5. In high concentration of H™ solution, both Hg(II) ions
and H' automatic occupy the binding site on the surface of
adsorbent at the same time, so electrostatic repulsion can
decrease the formation of Hg(II) ions coordination compound.

Another explanation is amino groups on the surface of EIP-
B-CD absorbent are protonated to be -NH5 easily in high
concentration of H™ solution, so the chelating reaction
become more difficulty after electrostatic repulsion. The Zeta
potential value of solution is decreased with the decrement
of the H" concentration, so the electrostatic repulsion is
reduced, and the adsorption capacity of adsorbent is developed
distinctly. In low concentration of H™ solution, hydrogen ions
of the hydroxyl groups tend to losing easily, so the formation
of Hg(II) ions coordination complex is difficult and the
adsorption capacity of adsorbent become lower. As soon as
the pH value exceeds 5.0, the hydrolysis reaction of Hg(II) ions
is easy to occur (pKg,: Hg(OH), = 25.51). Many hydroxides
as Hg(OH)™ or Hg(OH), are generated easily by hydrolysis
reaction in the weak acidic or alkaline solution (Chandra
and Kim, 2011; Pourshirband and Nezamzadeh-Ejhieh,
2020). Such precipitates in solution also block the pore struc-
ture, so the adsorption capacity of this adsorbent become
lower. Therefore, the optimal pH value as 5.0 is fixed as the
important parameter in the further investigation.

3.3. Effect of initial Hg(II) ions concentration

The effect of initial concentration of Hg(II) ions (Cy) is
another important parameter for this adsorption, and the
adsorption capacity of the EIP-B-CD adsorbent (the mass pro-
portion of B-cyclodextrin, ethylene imine polymer and glu-
taraldehyde is 1.0:0.4:0.2) are described with the range from
50 to 300 mg/L in Fig. 5. The initial Hg(II) ions concentration
changes from 50 to 200 mg/L, the adsorption capacity of the
EIP-B-CD adsorbent is developed greatly. The amount of Hg
(I1) ions adsorbed using the EIP-B-CD adsorbent tends to sta-
bilize since the initial concentration of Hg(II) ions exceeds
200 mg/L.

In low concentration of Hg(Il) ions solution, there are
much high active sites on the surface of the EIP-B-CD adsor-
bent, which are more than the amount of initial Hg(II) ions
in the solution, so the collision between Hg(II) ions and active
sites increase inevitably, and the adsorption capacity of the
EIP-B-CD adsorbent increases distinctly. In high concentra-
tion of Hg(Il) ions solution, the amount of active sites on
the surface of the EIP-B-CD adsorbent are not adequate. It
is difficult to adsorb so much Hg(II) ions in the solution, so
the curve tends to stabilize.

3.4. Adsorption isotherm analysis

In order to explore the adsorption essence and characteristic of
the EIP-B-CD adsorbent (the mass proportion of f-
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M clement ratio

Fig. 3 SEM images of the EIP-B-CD adsorbent and element distribution ratio. (a.SEM images. b.Color element distribution images.).

Table 1 The surface element analysis of the EIP-B-CD
adsorbent.

Element Atomic percentage (%) Mass percentage (%)
C 49.07 33.05
N 9.09 7.14
(0} 27.57 24.73
Fe 8.10 25.37
Si 6.17 9.71
Total 100.00 100.00

cyclodextrin, ethylene imine polymer and glutaraldehyde is
1.0:0.4:0.2) in detail, Langmuir and Freundlich isotherm mod-
els are used to investigate this adsorption behavior when the
adsorption attain dynamic equilibrium (Dada et al., 2012; Fu
et al., 2019). The adsorption data were fitted and evaluated
carefully base on the experimental results with the different ini-
tial concentration of Hg(II) ions, and the accurate relationship
between Hg(II) ions and adsorbents (the mass proportion of -
cyclodextrin, ethylene imine polymer and glutaraldehyde is
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Fig. 4 Effect of pH on the sorption of Hg(II) ions.
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1.0:0.4:0.2) was revealed successfully. The linear form equa-
tions of Langmuir and Freundlich models are described as fol-
lows (Ho et al., 2002; Weber and Morris, 1963).
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and Kp is Freundlich constant, and n represents the adsorp-
tion index.

Additional, the separation factor (Ry) is calculated by the
following equation (McKay, 1982), which can distinguish that
the adsorption is favorable or not.

1

Ro=—
LTI 1 Gk,

(5)

Where, the adsorption process is favorable since the Ry
value is in the range of 0 to 1, the adsorption process is unfa-
vorable since the Ry, value exceeds 1.

The Langmuir and Freundlich isotherm fitting diagram are
displayed in Fig. 6(a) and Fig. 6(b) Firstly, the calculated
parameters are shown in Table S1. Compare to the Freundlich
isotherm model, the R? value of Langmuir model is better
(0.9999 greater than 0.9556). Additional, the maximum
adsorption capacity of the EIP-B-CD adsorbent (the mass pro-
portion of B-cyclodextrin, ethylene imine polymer and glu-
taraldehyde is 1.0:0.4:0.2) in the experiment is 351.30 mg/g,
and the theoretical maximum adsorption capacity of the
EIP-B-CD adsorbent is 352.11 mg/g. Both of them are almost
same or errors can be ignored, so the Langmuir isotherm
model could better describe the isotherm adsorption behavior
using the EIP-B-CD adsorbent.

The values of the Ry ([0.0192-0.0033] less than 1) are in
favorable boundary by relevant calculation, indicating that
EIP-B-CD is an effective adsorbent for adsorption of Hg(II)
ions in water solution.This adsorption is belonged to a mono-
layer adsorption with active centers (hydroxyl, amino), which
is not effected by the adsorbed quantity and energetically
(Elmi et al., 2020).

Fig. 6 (a) Langmuir isotherm plots and (b) Freundlich isotherm
plots for the adsorption of Hg(II) ions.

3.5. Effect of adsorption time and adsorption kinetics analysis

3.5.1. Effect of adsorption time

The influence of the adsorption time by the EIP-B-CD adsor-
bent (the mass proportion of B-cyclodextrin, ethylene imine
polymer and glutaraldehyde is 1.0:0.4:0.2) is shown in Fig. 7,
and the influence of adsorption time in the adsorption experi-
ments is different from 0 to 210 min. When the initial stage is
less than 120 min, the adsorption capacity of the EIP-B-CD
adsorbent increases distinctly. However, the adsorption rate
(R) increases slowly and maintain the maximum value since
the adsorption time exceeds 120 min. At the first step, there
are many active adsorptive sites (—-OH, -NH,) on the surface,
and Hg(II) ions could be adsorbed by these sites rapidly. Sig-
nificant charge repulsion between Hg(II) ions and active
adsorptive sites can be occurred, so the amount increases
rapidly. Concurrently, with the decrease of the active adsorp-
tive sites and the decline of Hg(II) ions in the solution, which
are not favorable for further adsorption, so the adsorption rate
decreases distinctly. The adsorption capacity almost keep the
same with the adsorption time is changed from 180 to
210 min, so the adsorption reach the dynamic equilibrium
state. The optimal adsorption time is 180 min, and the maxi-
mum adsorption capacity and the maximum removal rate
are 248.72 mg/g and 99.49 %, respectively.
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Fig. 7  Effect of adsorption time on the uptake of Hg(II) ions.

3.5.2. Kinetic analysis

The adsorption kinetics can be used for investigating the
appropriate reaction rate and mechanism model. For revealing
the mass transfer process, chemical reaction and control mech-
anism, the adsorption capacity (Q,) are fitted by pseudo-first-
order model or pseudo-second-order model with different time
intervals, the calculate models are expressed in following Eqs
(Ho, 2004; Ho and McKay, 1998).

ln(Ql’ - QI) = ln Qe - kl[ (6)

A .
Qz szg(m/) Qe(m/)

Where, Q, and Q. (mg/g) represent the adsorption capacity
at time t and equilibrium time, respectively. t (min) is adsorp-
tion time, k; is the pseudo-first-order model rate constant, and
k, is the pseudo-second-order model rate constant.

The kinetic curves of Hg(II) ions adsorption are displayed
in Fig. 8(a) and Fig. 8(b), and many kinetic parameters (R,
ki, k>, and Qccar)) are listed in Table S2. The determination
coefficient (R? = 0.9971) of pseudo-second-order model is bet-
ter than the determination coefficient of pseudo-first-order
(R* = 0.9685), so the pseudo-second-order model is more suit-
able for describing this adsorption kinetic system. The calcu-
lated adsorption capacity Qccary of the EIP-B-CD adsorbent
(the mass proportion of B-cyclodextrin, ethylene imine poly-
mer and glutaraldehyde is 1.0:0.4:0.2) with the pseudo-
second-order kinetic model analysis is closer to the really
experimental value, suggesting the removal of Hg(Il) ions by
this adsorbent show important feature of chemical adsorption.
Electrostatic binding and chelating adsorption might are the
major adsorption behaviors (Li et al., 2015).

The maximum single-layer adsorption capacity for Hg(II)
ions in water solution by the different adsorbents are listed
in Table S3. Obviously, the EIP-B-CD adsorbent (the mass
proportion of B-cyclodextrin, ethylene imine polymer and glu-
taraldehyde is 1.0:0.4:0.2) show great advantage than many
adsorbents displayed in Table S3 (Awual et al., 2016;
Girginova et al., 2010; Monier and Abdel-Latif, 2012;
Naushad et al., 2015; Shi et al., 2018; Sun et al., 2021; Yang
et al., 2021; Zhuo et al., 2017; Phothitontimongkol et al.,

t (7

@50

1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
t (min)

(b)
07 |

R =09971
,//
05| e

tQ,

03|
02 N

0.1 |- /"’/

00 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
t (min)

Fig. 8 Fit of kinetic data with pseudo-first-order model (a) and
pseudo-second-order model (b).

2009). Hence, the huge adsorption capacity of this adsorbent is
affirmative which indicate it can be used for the removal of Hg
(IT) ions in water solution.

3.6. Effect of the temperature and thermodynamic analysis

The adsorption Hg(II) ions experiments by this adsorbent (the
mass proportion of B-cyclodextrin, ethylene imine polymer
and glutaraldehyde is 1.0:0.4:0.2) are investigated at many dif-
ferent temperatures (from 293 to 333 K), and the variation
trends are displayed in Fig. 9. The high temperature is not
helpful for the adsorption of Hg(Il) ions in water solution,
but the adsorption rate is low at low temperature, so 293 K
was the optimal temperature. Both the adsorption capacity
and the removal rate for Hg(II) ions decrease distinctly with
the increment of adsorption temperature, which due to the
adsorbed Hg(II) ions is easier to detach the EIP-B-CD adsor-
bent at high temperature. Consider the hydrolysis of Hg(II)
ions occur easily at high temperature, so the low temperature
is more suitable to the adsorption behavior. Additional, the
thermodynamic parameters are obtained by the Van terhoff
equation, and AH® represents the enthalpy change, AS°
represents the entropy change and AG® represents the Gibbs
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Fig. 9  Effect of adsorption temperature.

free energy change (Monier and Abdel-Latif, 2012; Yuan et al.,
2020; Zhou and Zhou, 2014).

_ le _ CO — Ce
Kd - Cg - C() (8)
AG" = —RTLnkK, 9)
AG" = AH® — TAS® (10)
AS"  AH'

Where Ky is the equilibrium constant, C,4 is the concentra-
tion of solute adsorbed on the adsorbent at equilibrium (mg/
L), Cy and C, are the initial and equilibrium concentrations
of Hg(II) ions (mg/L), R is the gas constant, and 7 is the tem-
perature (K). Van’t Hoff plots of In K4 against 1/7 are drawn,
and AH® and AS® are calculated from the slope (-A H°/R) and
intercept (AS°/R), respectively.

According to the data analysis in Fig.S1 and Table S4, All
AG and AH values are negative at different temperatures, so
the adsorption process of Hg(II) ions by the EIP-B-CD adsor-
bent is spontaneous and exothermic.

3.7. Different composition of adsorbent

For investigating the effect of the composition of adsorbent,
the mass of PB-cyclodextrin, ethylene imine polymer and

Table 2 Effect of the mass of ethylene imine polymer*.

are displayed in Table 2, Table 3 and Table 4.

It is clear that the different mass of addition can perform
the different adsorption performance. The adsorption capacity
of adsorbent is developed with the increment of ethylene imine
polymer in Table 2. But too much ethylene imine polymer is
not ideal due to the capacity of crosslinking reagent is limited.
Proper B-cyclodextrin is helpful to develop the adsorption
capacity of adsorbent in Table 3, but too much p-
cyclodextrin need more crosslinking reagent and the cost of
adsorbent is increased. When the mass ratio between B-
cyclodextrin and ethylene imine polymer is kept as 0.4:1.0,
the effect of glutaraldehyde are listed in Table 4. The best opti-
mum mass of glutaraldehyde is 0.20 g, and the crosslinking
reaction only can be performed well base on the proper pro-
portion of reactants. When the mass proportion of -
cyclodextrin, ethylene imine polymer and glutaraldehyde is
1.0:0.4:0.2, the maximum removal of Hg(Il) ions is appeared
as 99.49 % and the adosrption capacity of EIP-B-CD reach
248.72 mg/g. The increment mass of B-cyclodextrin or ethylene
imine polymer can increase the active sites amount of adsor-
bent, but the mass of glutaraldehyde can effect the crosslinking
density.

3.8. Effect of interfering ions

In industrial wastewater, there are many metal ions may com-
pete with Hg(I) ions in the adsorption process at the same
condition, so the competitive adsorption experiments of inter-
fering ions need be investigated. Many coexisting cations such
as Na(I), K(I), Mg(1I), Ca(Il) and AI(IIT) are mixed with the
Hg(II) ions solution, respectively (interfering ions concentra-
tion, 0.01 mol/L). The different adsorption capacity of the
EIP-B-CD adsorbent (the mass proportion of B-cyclodextrin,
ethylene imine polymer and glutaraldehyde is 1.0:0.4:0.2) for
Hg(I1) ions are displayed in Fig. 10. The adsorption capacity
for Hg(IT) ions is almost not changed, so the competitive effect
is little and ignorable. The reason of high selectivity adsorption
for the Hg(Il) ions may is the chelation process can occur
easily. There are more empty orbits for Hg(II) ions than other
metal ions, so the coordination bond between adsorbent and
Hg(II) ions can be formed with chelation effect. Thereby the
high selective adsorption for Hg(II) ions has been confirmed.

In order to investigate the adsorb behavior in industrial
wastewater, the EIP-B-CD adsorbents (the mass proportion
of B-cyclodextrin, ethylene imine polymer and glutaraldehyde

Order The mass of addition (g) R (%) Q. (mg/g)
B-cyclodextrin ethylene imine polymer glutaraldehyde
1 1.00 0.10 0.20 64.23 160.58
2 1.00 0.20 0.20 72.17 180.43
3 1.00 0.30 0.20 90.54 226.35
4 1.00 0.40 0.20 99.49 248.72
5 1.00 0.50 0.20 99.11 247.79
6 1.00 0.60 0.20 97.47 243.68

* note: the mass of MMS-NH, is 0.05 g. Conditions: adsorbent 0.01 g, temperature 293 K, C, 50 mg/L, pH 5.0, time 180 min, stirring rate

600 rpm.
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Table 3 Effect of the mass of B-cyclodextrin®.

Order The mass of addition (g) R (%) Q. (mg/g)

B-cyclodextrin ethylene imine polymer glutaraldehyde

1 0.80 0.40 0.20 88.56 221.40

2 0.90 0.40 0.20 90.54 226.35

3 1.00 0.40 0.20 99.49 248.72

4 1.10 0.40 0.20 95.39 238.47

5 1.20 0.40 0.20 92.14 230.35

* note: the mass of MMS-NH, is 0.05 g. Conditions: adsorbent 0.01 g, temperature 293 K, Co 50 mg/L, pH 5.0, time 180 min, stirring rate

600 rpm.

Table 4 Effect of the mass of glutaraldehyde*.

Order The mass of addition (g) R (%) Q. (mg/g)
B-cyclodextrin ethylene imine polymer glutaraldehyde
1 1.00 0.40 0.05 74.61 186.53
2 1.00 0.40 0.10 90.23 225.58
3 1.00 0.40 0.15 96.13 240.34
4 1.00 0.40 0.20 99.49 248.72
5 1.00 0.40 0.25 97.62 244.05
6 1.00 0.40 0.30 95.47 238.68
* note: the mass of MMS-NH, is 0.05 g. Conditions: adsorbent 0.01 g, temperature 293 K, Cy 50 mg/L, pH 5.0, time 180 min, stirring rate
600 rpm.
and glutaraldehyde is 1.0:0.4:0.2) is very important factor to
2508 I evaluate economic value and application prospects. The regen-
Ea eration performances of the EIP-B-CD adsorbent were studied
= and the results are displayed in Fig. 11.
g After the adsorption in Hg(II) ions solution, adsorbent can
%’200' be transferred into eluent solution (3 mol/L HCI (Fu et al.,
§. 2021; Sun et al., 2021). It is not obvious for the downward
2 trend of the adsorption capacity with the increment of cycle
2 number using this EIP-B-CD adsorbent (the mass proportion
5150- of B-cyclodextrin, ethylene imine polymer and glutaraldehyde
- is 1.0:0.4:0.2). The removal rate of Hg(II) ions by this adsor-
bent is still as high as 97.48 %, and the adsorption capacity
of Hg(II) ions by this adsorbent is still as high as 243.69 mg/
100 I\;a K" Nigz* Ca*' All + None

Co-existing Ions

Fig. 10 The adsorption capacity of EIP-B-CD for Hg(II) ions
under the coexistence ions.

is 1.0:0.4:0.2) were also used in industrial wastewater. Firstly,
the industrial wasterwater (2800 mg/L) was diluted to
100 mg/L carefully, and it was used to evaluate the adsorbent’s
adsorbability. Adsorption time was fixed as 180 min, the mass
of adsorbent was 0.02 g and pH value of solution was kept as
5.0. After adsorption process, the removal rate of Hg(Il) ions
was as high as 91.38 %, so it also exhibited good adsorption
performance for Hg(II) ions in industrial wastewater.

3.9. Reutilization of the EIP-S-CD adsorbent.

The reutilizate performance of the EIP-B-CD adsorbent (the
mass proportion of B-cyclodextrin, ethylene imine polymer
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Fig. 11

Repeated use of the EIP-B-CD adsorbent.
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g after 4 times of adsorption and desorption. Therefore, the
good desorption capacity and good reuse capacity of this mag-
netic adsorbent have been certified, and it shows great applica-
tion prospect.
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Fig. 12 (a) Full survey XPS spectra; (b) High resolution Hg 4f;

(c) Cls, (d) Nls, and (e) Ols spectra of EIP-B-CD (1) fresh, (2)
after adsorption.

3.10. Mechanism for adsorption of Hg(II) ions

The interaction between active groups and Hg(Il) ions is
investigated, both the FT-IR spectra (Fig. S2) and XPS
characterization (Fig. 12) are used to reveal the chemical
compositions of the EIP-B-CD and EIP-B-CD/Hg(II) sam-
ples. Compare to the FT-IR curve of the EIP-B-CD adsor-
bent, the peak near 1093 cm™' is not changed in the curve
of EIP-B-CD/Hg(Il) sample in Fig.S2, so the -C—N radical
on the surface of adsorbent have not been changed. Some
peaks between 1661 cm™' and 1091 cm™' are ascribed to
the different vibrations of —NH,, it become weak clearly
after adsorption so the amino groups participate in the
adsorption Hg(II) ions in solution. The peak near
3355 cm™ ! is belonged to the stretching vibration of hydro-
xyl groups in B-CD molecule, and there are some red shift
to 3367 cm~' and decrease phenomenon, so the hydroxyl
groups in B-CD molecule participate in the adsorption of
Hg(I) ions in water solution. The coordination bonds
between Hg(II) ions and hydroxyl (-OH) or imino (-NH)
groups are formed by chelation effect.

In order to further explore the mechanisms of adsorption,
the XPS spectra (Fig. 12) of EIP-B-CD before and after Hg
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Fig. 12 (continued)
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(IT) ions adsorption are investigated. The total survey spec-
trums are shown in Fig. 12(a), new binding energy bonds such
as Hg5pl, Hgdf, HgddS, Hgdd3 and Hgdp3 appears in the
EIP-B-CD/Hg(11) sample curve relative to the binding energies
curve of the EIP-B-CD sample, so the Hg(I) ions have been
adsorbed onto the surface of the EIP-B-CD adsorbent.

Two peaks at 100.66 eV and 104.65 eV (Fig. 12(b)) are
belonged to Hg 4f"? and Hg 4f?, respectively. A binding
energy gap of 3.99 eV is confirmed in the high-resolution spec-
tra of Hg 4f, which is consist with the results in the literature
(Yang et al., 2021). Additional,Cls, N1s, and Ols spectrum
are recorded in Fig. 12(c),(d) and (e), respectively. Some signals
for the adsorption behavior of the functional groups on the
surface of adsorbent are reflected in the high-resolution XPS
curves.

In the deconvolution of Cls spectrum of the EIP-B-CD and
EIP-B-CD/Hg(Il) samples (Fig. 12(c)), four peaks at 284.69,
285.27, 286.27 and 288.33 eV are attributed to C—C, C—N,
C—0, and C=N, respectively. Except the peaks of C—C and
C=N, the intensity of the other peaks on Cls diminished
are clear. Three peaks at 399.33, 400.51 and 406.43 eV in
Fig. 12(d) represent the -NH,, -NH and C—N of the adsor-
bent, respectively (Tian et al., 2013). The binding energy of —
NH, group shifts to high binding energy (399.43-399.58) and
the similar shifts for -NH group (400.51-400.62), these behav-
iors are ascribed to the inner influence in the adsorption pro-
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cess. Hence, the participation of the -NH, and —-NH groups
are confirmed, and which are consist with the results of FT-
IR characterization results.

The O1s XPS spectra curves of the EIP-B-CD adsorbent are
displayed in Fig. 12(e), and three peaks at 530.61, 532.20 and
532.80 eV are belonged to C—O, Si-O and Fe-O, respectively
(Shi et al., 2018; Huang et al., 2018). A small shift of the peak
of C—0 (530.63 eV) appears in the curve of the EIP-B-CD/Hg
(IT) sample, so the weak interaction between many hydroxyl
groups of the B-CD molecule and Hg(II) ions are confirmed.
At the same time, it is clear that the intensity of Si-O and
Fe-O become stronger, the might reason is that the electro-
static attraction between O and Hg break the charge balance
on the surface of the adsorbent.

The corresponding adsorption mechanism by the EIP-f-
CD adsorbent is described in Fig. 13. There are four kinds
of interactions including chelate reaction, physical adsorp-
tion, ion exchange or electrostatic attraction in this adsorp-
tion process (Yang et al., 2021). At first step, Hg(II) ions in
water solution are fast adsorbed onto the surface of the
EIP-B-CD magnetic adsorbent by the abundant surface
functional groups via electrostatic attraction, so many amino
(—=NH,) and hydroxyl (-OH) groups of adsorbent are neces-
sary. After that, Chelation process is performed between Hg
(IT) ions and hydroxyl groups (-OH), amino groups (—NH,)
or oxygen atoms. The coordination bond can be formed
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Fig. 13  The adsorption mechanism of Hg(II) ions.
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easily by chelation effect, and this plays the main role in this
adsorption process. At the same time, the ion exchange of
the Hg(II) ions with the remnants of -NH, groups is not
ignored, this behavior may improves the adsorption capacity
of the EIP-B-CD adsorbent. Lastly, the migration of Hg(II)
ions is inevitable, transferring from the surface of adsorbent
into the nano pores of adsorbent freely, which also can
improve the adsorption capacity of the EIP-B-CD adsorbent
appropriately.

4. Conclusions

The EIP-B-CD adsorbent was prepared based on ethylene imine
polymer/B-CD and it was used for the adsorption of Hg(II) ions
in water solution. The maximum adsorption capacity of this new
magnetic adsorbent was 248.72 mg/g and the correspond removal
rate of Hg(II) ions reached 99.49 % under the optimized conditions.
The Langmuir model was better for the adsorption isotherm analy-
sis than Freundlich model, and the determination coefficient was as
high as 0.9999, so the feature of monolayer adsorption was
affirmed. This adsorption process of Hg(Il) ions by the EIP-B-CD
adsorbent was spontaneous and exothermic reaction by thermody-
namic data analysis. The reutilization performance of this new
adsorbent was good, and the adsorption capacity of this adsorbent
still retained 243.69 mg/g after five recycle experiments, so the good
desorption and reuse performance were affirmed and the application
prospect was hugeous. The best mass proportion of B-cyclodextrin,
ethylene imine polymer and glutaraldehyde was 1.0:0.4:0.2, and B-
cyclodextrin could develop the adsorption capacity of adsorbent.
The adsorption for Hg(Il) ions by the EIP-B-CD adsorbent was
independent of the interfering anions. The removal rate of Hg(II)
ions in industrial wastewater by the EIP-B-CD adsorbent reached
91.38 %, so the potential capacity of this adsorbent for purify
industrial wastewater was verified. All in all, these results indicated
that the EIP-B-CD adsorbent was efficient and selectivity for Hg(II)
ions cleanup in water solution, and it was a desirable adsorbent for
Hg(II)-containing wastewater.
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