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ABSTRACT: Mercury is one of the most important heavy metal elements of environmental pollution,
and it is very important for its control. MesocCllular Foam (MCF) silica was prepared by
hydrothermal method, and the prepared material was characterized by Powder X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), 77 K low-temperature nitrogen gas adsorption-desorption.
Herein, the authors aimed to improve the adsorptive performance of MCF against mercury ions
through a functionalization using disodium ethylenediaminetetraacetate (EDTA-Na;). Our novel
material was then used in the batch adsorption of Hg?*, where the maximum conditions were reached
after 35 minutes of contact time at pH 3 with the adsorbent weight of 0.1 g. The maximum adsorption
amount of Hg?* in the aqueous phase was 139.64 mg Hg?* / g (modified MCF). The maximum desorption
ratio of Hg?* was 75.23% achieved by using 0.1 mol/L hydrochloric acid solution. The process
for the adsorption of Hg?* conforms to the quasi-second-order adsorption kinetics and Langmuir
adsorption isotherm. The results of the low-temperature N, adsorption-desorption curve at 77 K
showed that Hg? * had entered the MCF pore channels. This novel material is effective in removing
Hg?* from the water medium via batch adsorption.

KEYWORDS: Hg?*; MCF; Disodium ethylenediaminetetraacetate; Adsorption; Modification;
Quasi-second-order kinetics; Adsorption kinetics; Langmuir adsorption isotherm.

INTRODUCTION

Rapid development of industries (i.e. metallurgy, to the environment, resulting in heavy metal pollution
mining, chemicals, and electrical instruments) could in water [1-3]. Of these, mercury ion pollution is the most
potentially increase the discharge of heavy metal waste deleterious problem to the environment and the human body [4].
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Following the conversion of mercury substances or its ions
by microorganisms, organic mercury might pose a threat
to human health by damaging the nervous system and causing
systemic damage. Not only to humans, but mercury is also
found harmful to plants and aquatic organisms [3,4].

In response to the stated problem above, several
methods have been proposed to remove the heavy metal
ions from water medium, such as ion exchange, biological
restoration, and chemical precipitation [5-10], but these
methods are either impractical or cause secondary
pollution to the environment. On the contrary, heavy metal
adsorption has been claimed as a simple technique that
does not produce secondary pollution [11-22]. The
previously cited works have reported various adsorbent
materials, yet practical limitations are still found. For
example, activated carbon which is effective for heavy
metal adsorption [22], is difficult to be regenerated and
expensive. Moreover, it can only be used to treat lower
concentrations of sewage and less sewage [10, 11]. Other
examples include rice husk and coal fly ash which have
drawbacks in terms of their adsorptive performance [2, 10].
Thus, it is still important to investigate new adsorbents.

At the end of the 20" century, the synthesis of nano-
mesoporous materials as a new generation of adsorbent
materials attracted great interest. Mesocellular foams (MCF),
a novel mesoporous silica material, could be synthesized
by molecular self-assembly allowing to control its pore
size [23-25]. Compared to the traditional zeolite molecular
sieve, this kind of mesoporous material has better
characteristics in regard to its pore structure, specific
surface area, high surface energy, and higher pollutant
uptake [26-27].

In this work, MCF was prepared by hydrothermal method
along with its functionalization using ethylenediaminetetraacetate
(EDTA). Several reports have employed EDTA for
functionalizing the adsorbent material which is successful
in improving the heavy metal uptake [22]. The adsorbent
prepared in this paper is a novel material that has been
established to adsorb Hg?* from wastewater. The adsorption
kinetics, isotherms, and thermodynamics of the Hg?* uptake
process were also investigated.

EXPERIMENTAL SECTION
Materials

Poly (ethylene glycol)-block-poly(propylene glycol)-
block-poly (ethylene glycol) (EG20-PGao-EG20) With P123
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template and average molecular weight of 5800 (Aldrich,
USA) was used for the MCF synthesis. Ethylenediamine
tetraacetic acid-disodium (EDTA-Nay), hydrochloric acid,
1,3,5-trimethylbenzene (TMB), anhydrous ethanol, nitric
acid, NH4CIl, and ammonia water were procured from
Beijing Chemical Plant, China. Other chemicals included
tetraethyl orthosilicate (TEOS) (Shanghai Chemical
Reagent Company, China Pharmaceutical Group),
mercury nitrate hydrate (Hg(NOs),-1/2 H,0) (Taixing
Chemical Reagent Factory, China), 2-[(5-bromo-2-pyridyl)
azo]-5-diethylaminophenol (5-Br-PADAP) (Tianjin Guangfu
Fine Chemical Research Institute, China), and Sodium dodecyl
sulfate  (C12HsSO4Na) (Chinese  Pharmaceutical Group
Chemical Reagent Co., Ltd., China).

Synthesis of MCF by hydrothermal method

The hydrothermal method used for the synthesis of
MCF was based on the previous literature with several
modifications [28]. P123 (2 g) was dissolved in 15 g H,O
and 60 g hydrochloric acid solution 2 mol/L. The solution
was stirred at constant heat (40°C) until completely dissolved,
followed by a slow addition of 4.25 g TEOS. After
homogenization, 1.5 g of 3,5-trimethylbenzene (TMB,
quality ratio of TMB/P123 = 0.75) was slowly added.
The mouth was sealed with plastic film. The mixed
solution was stirred at 40°C for 24 h to produce milky gel
liquid. It was then poured into a reactor on a Teflon
substrate, and crystallized in an oven at 100°C for 48 h.
Thereafter, it was taken out and cooled to room
temperature. The product was filtered, washed with
deionized water to remove residual liquid, then air-dried at
room temperature. After drying, it was placed in a crucible,
put in a muffle furnace, and calcined for 24 h to remove
P123. At the end of the procedure, MCF white powder
was obtained.

MCF modification

MCF powder (0.1 g) was poured into a 50 mL Beaker
and subsequently added with 10 mL EDTA-Na; solution
0.1 mol/L. The mixture was stirred for 24 h at room
temperature, thereafter, filtrated and washed. Modified MCF
was obtained after it was air-dried at room temperature.

Batch adsorption of Hg?* using modified MCF

The adsorbent, modified MCF, was added into 15 mL
Hg?* and stirred using a magnetic. The concentration of
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Hg?* ranged from 0.1 to 2 mg/mL. HNO3 and NaOH
solutions were used to obtain desirable pH levels (pH 1—05).
The weight of the modified MCF varied between 0.05 and
0.3 g. The contact time and operating temperature were set
within the range of 10—50 minutes and 25—45 + 1°C,
respectively. Afterward, the adsorbent was removed from
the filtrate by centrifugation at 8000 r/min for 10 minutes.
The final Hg?* concentration in the filtrate was measured
using A 722S spectrophotometer (Shanghai Prism Technology
Co., Ltd., China) with a detailed procedure explained later.
The adsorption rate and adsorption capacity for Hg?*
were then calculated using Eq. 1 and 2, respectively [22, 29-31].

Adsorption rate = % x100% (1)
0

Adsorption capacity g.=(Cy —C, ) x V/W )

Where Co (mg/mL) is the initial concentration of Hg?*,
Ce (mg/mL) is the concentration of Hg?* at equilibrium, ge
(mg/g) is the adsorption capacity at equilibrium, V (mL) is
the volume of solution, and W (g) is the adsorbent weight.

Spectrophotometric determination of mercury concentration

Preparation of chromogenic agent 5-Br-PADAP was
conducted by dissolving 0.0175 g 5-Br-PADAP in 100 mL
anhydrous ethanol. As for the sodium dodecy! sulfate, the
solution was obtained by dissolving 1 g of sodium dodecyl
sulfate into 100 mL of water. To measure 25 mL Hg?
solution, 1.5 mL 0.0175% (w/v) 5-Br-PADAP anhydrous
ethanol, 3.0 mL of pH 9.26 NH4CI-NH; buffer solution,
and 3.0 mL of 0.1% (w/v) sodium dodecyl sulfate solution
were added and left for 5 minutes. The concentration of
mercury was then determined using A 722S spectrophotometer
(Shanghai Prism Technology Co., Ltd., China) at
wavelength 562 nm [32].

Adsorption Kinetics

For the adsorption kinetics study, the Hg?* solution
with a variation of 0.4, 1.0, 1.6, 2.0, to 2.4 mg/mL was employed,
the initial pH was adjusted to 3, modified MCF with
a weight of 0.1 g was used, and the batch adsorption
was carried out at room temperature.

Adsorption Kinetics were studied using a quasi-first-
order kinetic model [33-35] and a quasi-second-order
kinetic model [34-36], expressed as follows

log(de —a;) =199, —kt ®)
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Where k; (min?) represents the quasi-first-order
kinetic rate constant, and the g. and q: (mg/g) are the
adsorption capacity at equilibrium and the adsorption
capacity (mg/g) at t (min); k. (g/mg.min) is a quasi-
second-order kinetic rate constant.

Adsorption isotherm

The batch adsorption settings used in the adsorption
isotherm study were similar to those of the previously
explained kinetics isotherm study. The experimental data
would be fitted to both Langmuir adsorption isotherm [37-40]
and Freundlich adsorption isotherm models [34, 40, 41],
mathematically expressed by Eq. (5) and (6), respectively.

&zi{ijce )
qe Qob QO

1
Ing, =In KFJFHInCe )

Where, Qo (mL/g) and b are the Langmuir constants
related to the adsorption ability and adsorption rate.
Meanwhile, Ke (mg/g) and n are Freundlich constants.

Desorption study

Firstly, a batch adsorption on 30 mL Hg?* (1.0 mg/mL)
was conducted using 0.1 g modified MCF at pH 3 and room
temperature for 35 minutes. After separated from the filtrate,
sediments were washed to obtain (modified MCF)-Hg sample.
The mercury desorption was then conducted in 30 mL acid
solution 0.1 mol/L (HNOs or HCI), where the mixture
was stirred for 2—8 hours at room temperature. The adsorbent
was removed from the solution by 10-minute centrifugation
at 8000 r/min. The final Hg?* concentration was calculated
using the previously stated spectrophotometric procedure.
The desorption rate was then calculated based on Eq. (7).

Desorption rate = desorption concentration / @)
(initial concentration —adsorption equilibrium
concentration) x 100%

Characterization
Siemens D5005 X-ray diffractometer, Germany, was used
to determine the crystal phase structure and periodic
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arrangement characteristics of the powder sample. Cu-Ka
target, A = 1.540560 A, operating voltage (tube voltage)
50 kV, operating current (tube current) 150 mA, scan range
0.4°~ 10°and step size 0.02° were used. Philips XL30 field
emission  scanning  electron  microscope (SEM,
Netherlands) was used to determine the SEM photographs
to observe the particle size and morphology of the sample
with an operating voltage 20 kV. The specific surface area,
pore volume, and pore size distribution of the samples
were investigated by nitrogen adsorption-desorption
experiments. They were measured by an ASAP
2020V3.01H adsorption analyzer of  American
Micromerities at 77 K liquid nitrogen. The sample
was activated by vacuum at 363 K for 12 h. The data
was calculated by using the Bdb (Broekhoff and de Boer)
method [42, 43]. The specific surface area was analyzed
and calculated by BET (Brunner-Emmett-Teller) method
[44] and the pore size distribution was analyzed and
calculated by BJH (Barrett-Joyner-Halenda) method [45].

RESULTS AND DISCUSSION
Optimization of adsorption condition
Effect of pH

Solution pH could affect the surface state of the
adsorbent and the ionization degree of an adsorbate [26, 27],
which consequently affects the heavy metal uptake. The
adsorption of Hg* onto modified MCF was found
dependent on pH value, associated with the surface
hydroxyl morphology and structure of the MCF material
and the ionization degree of Hg?*. In the case of Hg(OH)q,
its solubility is Kg = 3.0 x 10%. Under the present
experimental condition, pH level required to form
Hg(OH), is 2.54, where it is expected to completely
precipitate with [Hg?*] = 1.0 x 10® mol/L at pH > 4.24.
Hence, when pH level was increased greater than 4.24,
the removal of Hg?* was mainly derived from the precipitation
of Hg(OH),. At pH < 2.54, the adsorption form of mercury
on modified MCF mainly is Hg?* and Hg(OH)* [46].

Experimental results (Fig.1-a) show that the rate of
Hg?* adsorption on the modified MCF was increased with
the increase of pH in the range of 1.0 - 3.0. At a higher pH
level, the solution would contain less competing H*, which
is favorable for the adsorptive removal of Hg?*. However,
a decrease on the adsorption rate began to observe after pH
> 3.0. It is due to the emergence of Hg(OH), precipitates,
in which as a consequence, Hg?* content would be
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relatively low. This condition further reduced the complexation
rate between the EDTA in the MCF and Hg?*. Since the
Hg?* adsorption rate is the highest at pH = 3.0, so all
following experiments were carried out at pH 3.0.

Effect of contact time

The effect of contact time on Hg?* adsorption is shown
in Fig. 1-b. The adsorption efficiency and adsorption
capacity of Hg?* increased continuously during the first
35 minutes of batch adsorption. The adsorption rate and
adsorption capacity were almost constant when the contact
time was more than 35 min, which indicates that the
adsorption process has reached an equilibrium. Rapid
increases in the adsorption rate and adsorption capacity
occur stem from the availability of unoccupied binding
sites on the adsorbent surface. When most of the binding
sites are occupied, as longer contact time is applied,
the increased rate of Hg?* uptake depletes gradually until
the equilibrium is reached. In equilibrium, the desorption
and adsorption rate of the adsorbate are equal giving
a constant adsorption rate of Hg?* [19, 20].

Effect of temperature

Fig. 1-c shows the relationship between temperature
and Hg?* adsorption rate. As the temperature increased,
the adsorption rate of adsorbent to Hg?* began to decrease
slowly, which is an exothermic reaction. The effect of
temperature on the adsorption was small, so the experiment
was carried out at a room temperature 25 + 1°C, and the room
temperature was selected as the working temperature.

Effect of MCF dosage and Hg?* concentration

Fig.1-d shows the effect of the adsorbent MCF amount.
An increasing trend of adsorption rate and adsorption
capacity of Hg®* could be observed when the MCF
dosage was increased from O to 0.1 g. It suggests
the optimum MCF dosage was 0.1 g. Meanwhile,
in the case of initial [Hg?*] variation, the adsorption rate
and the adsorption capacity could be observed to increase
when the initial concentration was increased from
0 to 0.1 mg/lg (Fig. 1-e). With further increments
of the mercury concentration, both the adsorption rate
and the adsorption capacity decreased due to a decrease
in the adsorption site of the adsorbent [34].
Under the above optimized experimental conditions,
the adsorption capacity of mercury by the modified and

Research Article



Iran. J. Chem. Chem. Eng.

100

140

©
o

130

mg/g)

@
=]

120

e

VAN
/N

—=— removal percentage (%)
—4—q, (mg/g)

110

~
S}

N\

removal percentage (%)

100

L

4

L

5

60

3
pH

(@

IN)

90

©
a

=]

~
a

removal percentage (%)

—=— removal percentage (%)
—4— g, (Mg/g)

~
o

L

300

L

310

Temperature (K)

(c)

100

Adsorption of Hg?* onto Novel Mesocellular Foams ...

Vol. 41, No. 10, 2022

100

150

80 125

100
60

75

q, (mg/g)

40

50

removal percentage (%)

20 —=a— removal percentage (%)
—4— 0, (mg/g)
L

30
Time (min)

(b)

L

40

L

50

0
10 20 60

.
o
s)

150

125

®
o

100

o

75

Ge (Mgfg)

N
o

50

removal percentage (%)

N
o

—m=— removal percentage (%) -
—4— 9, (mg/g)

1

0.1

L
0.2

Amount of MCF (g)

(d)

L
0.3

o°

80

(S8

g

60

40

20

150
125

100

75

q, (ma/g)

50

—=— removal percentage (%)

—4— 4. (mg/g)
s

L L

C

10
ng (MQ/9)

(e)

15 2.0

Fig. 1: Optimization of adsorption condition: (a) pH (adsorbent dosage 3.3 g/L, 25°C, contact time 35 min, [Hg?*] = 0.5 g/L),

(b) contact time (adsorbent dosage 3.3 g/L, 25°C, pH = 3.

0, [Hg**]=0.5 g/L), (c) temperature (adsorbent dosage 3.3 g/L,

pH = 3.0, contact time 40 min, [Hg?*] = 0.5 g/L), (d) adsorbent dosage (pH = 3.0, contact time 40 min, [Hg?]=0.5g/L),

(e) Hg?* amount (pH = 3.0, contact

unmodified materials were 139.64 mg/ g and 124.5 mg/g,
respectively.

Table 1 gives a comparison of the adsorption capacity
of this adsorbent for mercury (I1) and other adsorbents [47-52].
From the Table, it can be seen that the adsorbent has a
definite adsorption ability for mercury (1) compared with
other adsorbents.

Adsorption Kinetics

The experiment of adsorption Kinetics was carried out
by using different initial concentrations of Hg?* at different

Research Article

time 40 min, adsorbent dosage 3.3 g/L).

contact times. The experimental results were linearly fitted
with the quasi-first and quasi-second-order Kkinetic
equations, respectively, respectively, and the results are
shown in Fig. 2. The quasi-first-order and second-order
kinetic data are shown in Table 2. As can be seen,
the deviation of fitting data with a quasi-first-order kinetic
equation is relatively large. However, the correlation
coefficient (R»?) above 0.99 was obtained when the data
fit with the quasi-second-order kinetic equation. The
equilibrium adsorption capacity and the measured value
of each concentration are not different, so the adsorption
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Table 1: Comparison of various adsorbents: adsorption capacity for mercury(l1) from aqueous medium.

Initial Hg?* Adsorption capaci
/ Adsorbent pH . g P pacity Reference \
concentration (mg/L) (mg/g)
SBA-15 functionalized by ethylenediaminopropyl 2.5 10 6.3 [47]
Amine-functionalized SBA-15 [(NH_)-SBA-15] 3 10 7.59 [48]
Coal Fly Ash 3.5-45 55 5.85 [49]
-SH modified peat 7 600 175.439 [50]
Biochar of Coix Straw 6 100 235.3 [51]
Thiol-functionalized magnetic mesoporous silica material SH-
. 1 2 2
mSi@Fe;0, 65 60 [52]
\ MCF-EDTA 3.0 1.0 139.64mg /g Present study/
Table 2: Dynamic related parameters.
/ Quasi-first adsorption rate equation Quasi-second-order adsorption rate equation\
Concentration (g/L) Measured (mg/g)
ki (min) Qe(mg/g) Rq? ko(g/mg min) Qe(mg/g) R
0.2 32.55 0.48798 537.03 0.9702 0.17315 32.79 1.0000
0.5 126.50 0.12107 295120 0.9294 0.02444 125.16 0.9997
0.8 132.14 0.08186 51286 0.6829 0.03776 129.87 0.9997
1.0 139.64 0.15916 1202264 0.6256 0.01967 138.50 0.9991
\ 1.2 129.30 0.14816 123026 0.9415 0.03194 128.70 0.9999 /
@ s (b) 0.30
4 | 0.25
2| 0.20
o [(mJo.2g/L ‘E'; 0.15 =
Ci * 0.5g/L 5
o 2 4 038g/L & vop
k=] v 1.0g/L E
41 < 1.2g/L fonm
=L - 0.00 -
el 7 —0.05 -
0 Tz 4 e b w2 w2 = 0.10 — : ” = o p p”

Time(min)

time/min

Fig. 2: Quasi-first-order (a) and quasi-second-order (b) dynamical equation images: (a) adsorbent dosage 3.3 g/L, 25 °C, pH = 3.0,
(b) adsorbent dosage 3.3 g/L, 25 °C, pH = 3.0.

system much more accords with the quasi-second-order
Kinetic equation [40, 50-51].

Adsorption isotherms

Fig. 3is the results of the linear fitting of the isotherm
data of adsorbent for Hg?* adsorption by Langmuir
adsorption isotherm equation and Freundlich adsorption
isotherm equation, respectively. The calculation results
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of the corresponding related parameters are shown
in Table 3. It can be seen that the correlation coefficient
of the Langmuir adsorption isotherm is greater than 0.999
after fitting the experimental data and the adsorption
capacity 139.64 mg/g that was obtained from the
experiments is in agreement with the theoretical
calculated value of 140.45 mg/g. Therefore,
the Langmuir adsorption isotherm model describes
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Table 3: Parameters associated with adsorption isotherm.

/ Langmuir adsorption isotherm Freundlich adsorption isotherm \
Temperature/K
Qo (mglg) b R? Ke (L/g) 1/n R?
298.15 140.4494 49.7902 0.9996 140.054 0.0649 0.9878
308.15 138.6963 49.0476 0.9997 138.449 0.06641 0.9707
\ 318.15 130.7190 61.1999 0.9998 130.342 0.05178 0.9845 j
(a) (b) 191 F m 298, léK
el g
4.90 ,,-/'}/'/' i
=5 ; eS8 .,/‘/;/"
5 o0 e A 298. 15K 488 A y
= ./ﬂ&_éf‘ A 308. 15K £ vl /,/;./ T
> ,,,,,»,1“ * 318. 15K] E 3 //.:// Y -
L e 1820 T -
0002 ///1,, Laok ./ P :,’//, P -
f’é 4.78 %'1 ) i
s \ . R
0. 000 L
0.0 02 0.4 0.6 08 2.5 2.0 1.5 1.0 0.5 0.0
C_(mg/1) nC, (mg/1)

Fig. 3: Langmuir and Freundlich adsorption isotherm. (a) (adsorbent dosage 3.3 g/L,pH = 3.0),
(b) (adsorbent dosage 3.3 g/L,pH = 3.0).

the adsorption process, better than the Freundlich model,
which represents monolayer adsorption [50-51].

Adsorption thermodynamics
The AG®, AH®, AS during adsorption are derived from
the following formula [30-31, 53-56]:

Ge
K,==% 8
=C ®)
AG® = -RTInK 4 = AH® —TAS? 9)
InKg =-AG® /(RT)=-AH /(RT)+AS" /R (10)

Where Ky is the equilibrium constant, g, C. is the
equilibrium adsorption capacity and the equilibrium
adsorption concentration of adsorbate, AG® (kJ/mol) is the
free energy variable value of the adsorption process, the gas
constant R = 8.314 J/mol.K, T is the thermodynamic absolute
temperature (K), AH® (kJ/mol) is the enthalpy change of
adsorption process, AS? (J/mol-K) is the entropy change value
of the adsorption process. The adsorption thermodynamic
curve is obtained by plotting InK versus 1/T.

Gibbs free energy AG? adsorption enthalpy AHC,
change adsorption entropy change AS° during the
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adsorption process can be calculated according to the
relevant formula, as shown in Table 4. As can be seen from
Table 3, Gibbs free energy change in the process of Hg?*
adsorption by the EDTA-modified MCF, AGY is less than
zero. The adsorption reaction was spontaneous. As can be
seen from Table 4, the Gibbs free energy change of EDTA
modified MCF adsorption Hg?* process indicates that the
adsorption reaction is spontaneous. It is generally
considered that adsorption is physical adsorption when
AG® is 0 - 20 kiJ/mol [57]. Adsorption is physical and
chemical adsorption when AG° is -20 to -80 kJ/mol.
Adsorption is chemical adsorption when AG°® is
-80 to -400 kJ/mol. In this article AGP is in the range
of 0 ~ -20 kJ/mol, therefore, the adsorption of Hg?* by
modified MCF should be physical adsorption. As can be seen
from the calculation results, this adsorption AH®= -6.48
kd/mol < 0, the reaction is exothermic. AS’= 37.43
J/(mol-K), shows that the adsorption process is the process
of entropy increasing.

Desorption results

Fig. 4 shows the desorption results of Hg?* using
0.10 mol/L HCI (Fig.4a) or HNO; (Fig.4b) solution.
Through time, more Hg?* can be desorbed and thus
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Table 4: Thermodynamic parameters of adsorption.

/ Temperature (K) AG® (kJ/mol) AH® (kJ/mol) AS® (J-mol*-K?) \
298.15 -17.61
308.15 -18.05 -6.48 37.43
K 318.15 -18.36 j
@ (0)
76 62 L
/ .
L / \ /,/ ~—
# // h ¥ el L
:: "r d \ :, /.
Znl / | /
=70 - RS /
Sesf /// T & /
E 66 / " E 56 - //
54 b
62 i/ ///
" 4 ; : = 4 e 8

Time/h

Timesh

Fig.4: Desorption of composite materials: (a) desorption using 0.1 mol/L HCI, (b) desorption using 0.1 mol/L HNOs.

the desorption rate gradually increased. For HCI or HNO3
adsorbents, the desorption rate began to decrease when it
reached 4 h or 6 h. Replacement of Hg?* from the adsorbent
surface by H* and the occurrence of desorption is a slow
process. It takes some time to achieve desorption equilibrium.
Therefore, before equilibrium is reached, the desorption rate
is increased. However, after the equilibrium was reached,
owing to the fact that the desorbed Hg?* was again adsorbed
on the adsorbent, this made the desorption rate increased
a little decreased. At 4 or 6 h, the corresponding maximum
desorption rate of HCl or HNO3 was 75.23% and 62.10%,
respectively. The previous result confirmed that HCI is better
than HNO; and the optimum desorption time is 4 h.
This result indicates that HgCl, stability is larger than the
interaction between Hg?* and modified MCF material.

Characterization of MCFs and their composite

The results of powder X-Ray Diffraction (XRD)
analysis show the three characteristic diffraction peaks in
MCF, EDTA-MCF, and EDTA-MCF-Hg(lI) samples (Fig. 5),
which can be assigned to diffraction peaks obtained from
(100), (110) and (200) crystal plane diffraction. The data
agreed with the peak position of MCF mesoporous
materials reported by Schmidt et al [28]. Peak intensities
of (b) and (c) are found to decrease, indicating that the
degree of order of the pore channels in the MCF decreased
after modification and adsorption processes. Scanning
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Fig. 5: Small angle X-Ray Diffraction (XRD) patterns of MCF
(@), EDTA-MCF (b), EDTA- MCF-Hg (11) (c).

electron microscopy (SEM) results are shown in Fi.6. (a),
(b) and (c) represent the SEM images of MCF, EDTA-
MCEF, and EDTA-MCF-Hg composites, respectively. As
can be seen from the diagram, the shapes of the three
samples are wheat spike-like structures, the mean diameter
of the MCF is 2200 + 10 nm, the mean diameter of
the EDTA-MCEF is 2250 + 10 nm and the mean diameter
of the EDTA-MCF-Hg(ll) is 2270 £ 10 nm. It can be seen
that the low-temperature N adsorption-desorption isotherms
and hysteresis loops of the three samples (MCF, EDTA-
MCF, and EDTA-MCF-Hg) are basically close (Table 5).
The data imply that after EDTA modification and
adsorption of Hg?*, the pore structure of MCF mesoporous
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Table 5: Parameters of pore size structure of samples.
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f Sample Spacing of crystal Cellular Hole thickness BET surface Mesoporous Average hole
P face digo (NM) parameter, a, (hm) (nm) area (m?/g) volume (cm¥qg) diameter, D, (nm)
MCF 19.19 22.16 11.75 585 1.36 10.41
MCF-EDTA 18.44 21.30 13.61 427 0.81 7.69
Q/ICF—EDTA—Hg(II) 17.65 20.45 12.85 400 0.60 7.60 /

Note - cell parameter a, :%dmo , average pore diameterD, = 4Vpes / Sger, Vines Mesoporous volume, Sger BET surface area; hole thickness =ap — D,
3

-

~

Fig. 6. SEM images of MCF(a), EDTA-MCF(b), EDTA-MCF-Hg(l1)(c).

materials remained intact. After the MCF was modified
by EDTA and adsorbed Hg?*, it is obvious that the
isotherm and the relative partial pressure range would
gradually decrease. Moreover, the gradual reduction
in BET-specific surface area suggests that EDTA and
Hg?* have occupied the MCF channels, instead of
attached on its outer surface.

CONCLUSIONS

EDTA modification on MCF has been proven capable
of improving its performance in the removal of aqueous
Hg?* through the batch adsorption process. Langmuir
adsorption isotherm is better to represent the adsorption
process suggesting that the adsorption is monolayer.
The Gibbs free energy change of adsorption Hg?* onto
EDTA-modified MCF process indicates that the adsorption
reaction occurred spontaneously. The adsorption reaction
was exothermic and the adsorption process was the process
of increasing entropy. The adsorption process conforms
to the quasi-second-order kinetic equation.
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