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ABSTRACT

Expanded graphite (EG) was prepared by microwave irradiation at 1000 W for 60s. EG is a
novel adsorbent for Sn(Il) adsorption and its ability to remove Sn(Il) ions from wastewater
was investigated. To characterize the adsorptive characteristics of the produced EG, the
microstructures of the resultant EG were observed using scanning electron microscopy.
Chemical characterization of the surface resultant EG was studied by Fourier transform infra-
red spectroscopy. The effects of pH, adsorbent dosage, initial concentration, temperature,
and contact time on the adsorption surface were studied using the batch process technique.
The data fitted with the Langmuir equilibrium isotherm and pseudo-second-order kinetics.
The maximum adsorption capacity of Sn(Il) on the resultant EG was 378.78 mgg .
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1. Introduction

In recent years, a variety of heavy metals have
been discharged into natural waters. These come from
processes such as metal plating, acid battery manufac-
turing, glass operation, and electroplating [1]. Stan-
num is a by-product of the electroplating industry
and is harmful to human health. In the process of pre-
paring Sn(I), inhaling tin dust may cause chronic
bronchitis, and contact with stannous chloride will
cause eczema. It is therefore important to reduce the
concentration of Sn(Il) in aqueous solutions using
various methods. Nowadays, the most widely used
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methods for removing harmful metals from wastewa-
ter include ion exchange, ferrite precipitation, reverse
osmosis, membrane filtration, and adsorption [2].

The method of adsorption has been shown to be an
effective method for removing harmful metals. Zhang
et al. used solid products as adsorbents to adsorb Sn
(I, with removal rates of up to 91.8% [3]. Cheng Shix-
ian used activated carbon as an adsorbent to remove
Sn(Il) with the adsorption quantity reaching 1gg " [4].
Activated carbon is one of the most effective adsor-
bents for removing heavy metals. Despite its wide-
spread use in industry, activated carbon remains an
expensive material. Therefore, it is necessary to
produce low cost and effective adsorption materials
that can be applied to water pollution control.
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Expanded graphite (EG) is a poriferous material
and has a wide range of pore diameters and a large
pore volume. EG is a good adsorbent due to the
network pore structure, weak polarity, hydrophobic
and lipophilic nature with extremely high selective
sorption capacity to large organic compounds with
weak polarity from water [5]. EG becomes increasingly
important because of numerous actual and potential
applications in fuel cells [6], hydrogen storage [7],
catalysts [8], sensors [9], biomedical materials [10] and
adsorbents. In the present study, the results of adsorp-
tion experiments of EG onto tin ions at various pH
values, temperatures, adsorbent dosages, initial
concentrations, and adsorption times are discussed.
The aim of this study is to characterize the main
factors controlling the adsorption mechanism of EG to
stannum ions and to describe the adsorption models.
The treatment of Sn in wastewater is also studied.

2. Materials and methods
2.1. Preparation and analysis of stannum solution

A 1,000mgL " stock solution of stannum was pre-
pared by dissolving an appropriate amount of SnCl,
in 1mol L~! HCI. Working solutions were prepared by
further dilution from the stock solution. All reagents
were of analytical grade. Ion concentration was mea-
sured by ICP-OES (Prodigy, America). The pH values
were measured by a pH meter (METTLER TOLEDO
FE20).

2.2. Preparation of EG

Commercial expandable graphite (expansion ratio
of 150-250mLg !, purchased from Qingdao Nanshu
Hongda Graphite Co. Ltd., China) was directly placed
into a Sanyo MW oven (EM-3011EB1) and irradiated
at 1,000 W for 60s.

2.3. Adsorbents characterization

The surface morphology of the EG was character-
ized with scanning electron microscopy (SEM) (JSM-
5600LV, JEOL Ltd., Japan). The porous characteristics
of the EG were determined by the adsorption of N,
using specific surface area pore size analyzer
(BK122T-B, JWGB Ltd., China). The composition of
the EG and the material which was adsorbed by EG
were analyzed by energy dispersive spectrometer
(EDS, IE 300x). Chemical characteristics were studied
by Fourier transform infrared spectroscopy (FTIR) in
order to identify the functional groups at the surface
of EG. FTIR spectra were recorded with a TENSOR27
IR (Bruker Co., Germany) spectrometer.

2.4. Adsorption experiments

The effects of experimental parameters on the
stannum ion adsorption were studied in batch opera-
tion mode. The stock solution of Sn(Ill) was prepared
by dissolving SnCl, in 1molL~" HCI. Working solu-
tions were obtained by further dilutions from the stock
solution. The pH of the working solutions was adjusted
by adding 0.1molL™' HCl or NaOH solutions.
Adsorption experiments were performed by shaking
(0.005-0.02g) of adsorbent with 25mL of a working
experimental solution of known concentration in a
temperature-controlled water bath shaker. Finally, the
supernatant liquids were filtered and the metal concen-
tration in each vial was determined using ICP-OES.
The temperature-controlled water bath shaker (SHZ-
88) was used to control the desired temperature. The
recorded data was used to calculate the adsorption
capacity (g) using the following equation:

q= [(CO - Ce)V} (1)

m
where g is the amount of metal ions adsorbed onto a
unit amount of adsorbent (mg g_l); Co and C. are the
initial and equilibrium solution concentrations

(mgL™"), respectively; V is the volume of aqueous
phase (L); and m is the mass of the adsorbent (g).

3. Results and discussion
3.1. Resulting structures

The microstructure of the EG is shown in Fig. 1
(a)~(d). Fig. 1(a) shows the structure of the adsor-
bent. From Fig. 1(b), it can be seen that the porous
(Fig. 1(c)) structure was made up of many parallel
and collapsed layers. It can be seen in Fig. 1(c) that
the furrow resulting from the parting of packed
layers can provide channels to facilitate the transport
of working fluids. Therefore, the EG might have a
high removal rate [11]. The collapsed layers made up
of nanoscale graphite pieces are shown in Fig. 1(d).

The performance of the adsorbent is improved by
more adsorptive sites of larger surface area and more
of internal pore structure. Pore size distributions (PSDs)
of the EG are presented in Fig. 2(a)—(d). Fig. 2(a) and (b)
shows the N, adsorption/desorption integral distribu-
tion curve of the EG. Fig. 2(c) and (d) shows the N,
adsorption/desorption ~ differential curve of the
adsorbent. The Brunauer-Emmett-Teller (BET) surface
area was calculated using the BET equation from the
selected N, adsorption data; micropore size distribu-
tion was obtained by the Barrett-Joyner-Halenda
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Fig. 1. SEM of EG.

method. It can be concluded that the BET specific
surface area (Sggy) was 61.17 m> g*], micropore volume
(V) was 14.03cm’g™!, and the most probable pore
size was 3.91 nm.

The composition of EG and the material which
was adsorbed by EG are shown in Fig. 3. The EDS
spectrum image is presented in Fig. 3, where the pres-
ence of C, O, and Sn confirms that Sn(Il) is adsorbed
into the pores.

Fig. 4 shows the IR spectra of EG. The bands
around 3,448 cm ™! are present in the spectra and rep-
resent the stretching and bending vibrations of the -
OH functional group of H,O [12]. The peaks at 2,920
and 2,852 cm ™! represent the symmetrical stretching
vibration of its -CH, group [13]. The bands around
1,064 cm ™" are the characteristic bands of the stretching
vibration mode of C-O-C.

(d)

3.2. Adsorption rate
3.2.1. Effect of pH

The pH value is an important parameter control-
ling adsorption processes because of its influence on
the sorbents and sorbate parameters [14,15]. The
adsorption behavior of Sn on the EG was therefore
investigated at different pH ranging from 1 to 4 at
room temperature. With an initial stannum ion
concentration of 200mg L', adding 0.01 g of EG sepa-
rately into the four groups of stannum ion solutions
resulted in the four final pH values being 1.55, 2.10,
2.51, and 3.12. As stannum precipitates at higher pH
values, pH values beyond 4 were not tested.

Fig. 5 shows the effect of different pH values on
the removal of Sn(Il) by EG. With increased pH, the
removal rate and adsorption quantity also increased.
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Fig. 2. Adsorption/desorption pore size distribution curves

When pH was 2.51, the removal rate of Sn(Il) reached
80%. These results show that pH is a very important
factor in the adsorption of Sn(II). The results can be
explained based on the competition between Sn(II)
and H;O" for adsorption sites on EG. At low pH lev-
els, excess H;O" could compete with Sn(Il) resulting
in a low level of adsorbed Sn(Il). When the pH level
increases, the covered HzO" leaves the porous layer
activated charcoal surface and makes the sites
available to Sn(I).

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage was tested with an
initial Sn(Il) concentration of 200mg L', adding
0.005, 0.01, 0.015, and 0.02g of EG separately in four
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groups
Fig. 6.
Fig. 6 shows the evolution of the removal rate of
Sn(Il) with increasing adsorbent dosage. The removal
rate increased with the dosage, with the removal rate
reaching 80% when the dosage increased to 0.015g.
With the increase of EG amounts, the surface area
of EG increases, which means that there were more
““active points” available to absorb Sn(II). This resulted
in increasing amount of Sn(ll) on the absorbent.
Therefore, while the solution with certain concentra-
tions of Sn(Il) reaches an adsorption equilibrium, the
residue Sn(Il) concentration in wastewater decreases
continuously as the removal rate increases. However,
the removal rate tends to stabilize when a certain
amount of EG is added. This indicates that the

at pH 2.1 at 25°C. The results are shown in
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absorption of Sn(Il) by EG has reached a saturation
point, and addition of EG beyond this point has no
effect on Sn(I) removal.

3.2.3. Effect of initial concentration

The initial Sn(IlI) concentrations were 100-300
mgL~". About 0.02g of EG was added separately into
those five groups of stannum ion solution before
adjusting the pH to 2.5 at 25°C. The results are shown
in Fig. 7.

It can be seen in Fig. 7 the removal rate decreased
with increasing initial concentration, but the adsorp-
tion quantity increased with increasing concentration.
When the initial concentration reached 300 mg L7}, the

Fig. 5. Effect of the initial pH on adsorption of Sn(Il) by
EG.

adsorption was 343.42mgg . This is because Sn(Il) at
low concentrations can fully occupy the EG active
points, while with higher Sn(Il) concentrations, there
are not enough active points to accommodate more Sn
(I. The restriction of EG aperture and electrostatic
repulsion between Sn(II) can also cause the removal
rate of Sn(Il) to decrease. The diffusion rate of Sn(Il)
of EG increased with concentration and the Sn(II)
adsorbed on specific surface area of EG increased
which increases the adsorbed amount and tends to
balance the EG usage at a certain amount.
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3.2.4. Effect of temperature

About 0.01g of EG was added into a group of
stannum ion solution of 200mgL~' at pH 25
separately at different temperatures ranging from 20
to 50°C.

Fig. 8 shows the removal rate and adsorption
quantity at different temperatures. The adsorption
capacity of EG increased with increased temperature.
The best adsorption capacity of EG was at 50°C, with
the removal rate reaching 94%.

3.2.5. Effect of time

The initial Sn(Il) concentration was 200mgL",
0.02g of EG was added into the groups of stannum
ion solution. The pH was adjusted to 2.5, the tempera-
ture was 25°C, and the adsorption time was from 5 to
120 min.

Temperature (‘C)

Fig. 8. Effects of temperature on the adsorption of Sn(II) by
EG.

Fig. 9 shows the change in removal rate and
adsorption quantity as the time increased from 5 to
120 min. When the time reached 60min, the adsorp-
tion was almost balanced, and the removal rate
reached 97% while the adsorption quantity was
243.88mgg "

The reason for high absorption rates at the beginning
was Sn(Il) being adsorbed on the outer surface of EG.
The procedure for adsorption involves the absorbent
changing from macroporous to microporous though
transition pores. The Sn(ll) transition rate decreases
when the pore size becomes small. Removal rate and
adsorption amounts increase slowly with time until
equilibrium is reached. Meanwhile, the equilibrium time
of Sn(Il) absorption depends on initial concentration.
Considering all factors, 120min was selected as a
suitable absorption time for dynamic equilibrium.

EG has proved to be an effective and novel adsor-
bent for the removal of Sn(Il) from aqueous solution.
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by EG.
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The adsorption is highly dependent on pH, adsorbent
dosage, initial concentration, and temperature. The
highest removal efficiency of Sn(Il) is about 98%.

3.3. Adsorption isotherms
3.3.1. Langmuir isotherm

The Langmuir method assumes that the adsorption
occurs uniformly on the active part of the surface, and
other molecules do not interact with this active part
when a molecule is adsorbed on an active site.

The Langmuir equation can be written as:

~ Q%C. .
%e=11p C. (Non-linear form) (2)
Ce 1  Co ..
7. Q% + a0 (Linear form) (3)

where g, is the amount of solute adsorbed per unit
weight of adsorbent (mgg™), C. is the equilibrium
concentration of solute in the bulk solution (mg LY,
Q" is the monolayer adsorption capacity (mgg™"), and
b is the constant which is related to the free energy of
adsorption. The constants of the Langmuir isotherm
are obtained by plotting % vs. C, (Fig. 10).

3.3.2. Freundlich isotherm

The Freundlich isotherm may be written as:

ge = KiCY" (Non-linear form) (4)
1 .
Ing. = InKs + Eln C. (Linear form) (5)
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Fig. 10. The Langmuir adsorption isotherms for Sn(I)
adsorption by EG.

where K; is the constant indicative of the relative
adsorption capacity of the adsorbent (mgg™') and 1/n
is the constant indicative of the intensity of the
adsorption. The constants of the Freundlich isotherm
are obtained by plotting log g vs. log C. (Fig. 11).
Langmuir and Freundlich constants are given in
Table 1. The higher correlation coefficient for EG
(R*=0.9982) shows that the Langmuir model is more
suitable than the Freundlich model for the adsorption
equilibrium of Sn(II). Therefore, the adsorption of Sn(II)
by EG is considered to be monomolecular adsorption.

3.4. Kinetics of adsorption

The study of adsorption kinetics is significant and
can provide valuable insights into the reaction
pathways. Some types of kinetic models are used to
explain the mechanism of the adsorption reaction. The
most common models are pseudo-first-order equation
and pseudo-second-order equation. The pseudo-
first-order model is given by the Lagergren equation:

at
log(ge — q) = log e — 5252 (6)

where g. and g are the amounts of Sn(II) adsorbed
(mgg ") at equilibrium time and any time, t, respec-
tively, and k; is the rate constant of adsorption
(min~"). Plot of log(qe —q) vs. t gives a straight line
for pseudo-first-order adsorption kinetics which
allows computation of the rate constant k; (Fig. 12).
On the other hand, the second-order equation
based on equilibrium adsorption [16] is expressed as:
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R%=0.939
4.8
1 L 1 L 1 L 1 L 1 L 1 L 1 L
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LnC,(mg L")

Fig. 11. The Freundlich adsorption isotherms for Sn(II)
adsorption by EG.
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Table 1
Langmuir and Freundlich isotherm constants for stannum
adsorption on the EG
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Table 2
Kinetic parameters for pseudo-first-order adsorption rate
expressions

Freundlich
1/n  R?

Adsorbent Langmuir

EG Q° b R? K¢

378.78 0.386 0.9982 130.2688 0.3355 0.939

Concentration (mgL ')  Parameters of pseudo-first-order

ge (mgg™") ki (min") R?
150 40.08 0.0262 0.9830
200 89.29 0.0467 0.9875
300 154.60 0.0257 0.8750

Table 3
Kinetic parameters for pseudo-second-order adsorption
rate expressions

Concentration Parameters of pseudo-second-order
(mgL™)

k» h R? de

(g rng’1 min~ ") (mg g’l min~") (mg g’l)
150 0.0019 66.23 0.9994 186.6
200 0.0012 77.40 0.9997 250.6
300 0.0004 48.76 0.9913 354.6
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Fig. 12. Pseudo-first order kinetic plots for the removal of
Sn(II) by EG at room temperature.
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where k, is the pseudo-second-order rate constant
(mgg 'min"), g. and g represent the amount of Sn
() adsorbed (mgg™") at equilibrium and at any time.
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Fig. 13. Pseudo-second order kinetic plots for the removal
of Sn(I) by EG at room temperature.

The equilibrium adsorption capacity (4.), and the
pseudo-second-order constants (k) can be determined
experimentally from the slope and intercept of plot é
vs. t (Fig. 13).

All kinetic parameters and correlation coefficients
are listed in Tables 2 and 3. It can be seen from
Fig. 11 and Table 2 that the pseudo-first-order kinetic
curves do not give a good fit to the experimental
kinetic data. As a result, it was suggested that the
adsorption of Sn(ll) onto EG did not follow the
pseudo-first-order model. On the contrary, the results
presented an ideal fit to the pseudo-second-order
model with extremely high R? (0.9913-0.9997).
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Fig. 14. Intraparticle diffusion plot for the adsorption of Sn
(II) onto EG.



M. Yang et al. | Desalination and Water Treatment 52 (2014) 283-292 291

Table 4

Intraparticle diffusion rate parameter at different initial concentration

Initial concentration (mg L™ Kp1 (mg gf1 min~"/?)
150 4.66

200 11.49

250 13.91

sz (mg g71 minfl/z) R12 R22 C] C2

2.188 0.9531 0.9826 139.0 159.5
2.155 0.8925 0.9034 153.4 221.0
3.305 0.9080 0.8104 187.8 267.1

3.5. Adsorption mechanism

To gain insight into the mechanisms and rate-con-
trolling steps affecting the kinetics of adsorption, the
intraparticle diffusion model is shown as:

e = kt'/? + C; (8)

where ky; (mgg™’ min'/?) is the intraparticle diffusion
rate constant of stage i, and C; is the intercept of stage
i. Values of C provide information on the thickness of
the boundary layer—the larger the intercept, the
greater the boundary layer effect. To follow the
intraparticle diffusion model, a plot of g compared
with /2 should give a linear line, where a slope
represents k,, and the intercept represents C.

Fig. 14 shows that the amount of Sn(Il) adsorbed
compared with t'/? for the intraparticle transport of
Sn(l) by EG at different initial concentrations. The
plots displayed multilinearity, indicating two steps
that occurred in the process. The first, sharper portion
was the external surface adsorption or the instanta-
neous adsorption. The second portion was the gradual
adsorption stage where intraparticle diffusion was
rate-limiting [17].

Table 4 lists the corresponding model parameters
based on the equation above. For all initial concentra-
tions, kp; was higher than k,,, and C, was larger than
C;. This indicated that the rate of metal removal was
higher in the beginning due to larger surface areas of
the adsorbent available for adsorption of metal ions.
After the adsorbed material formed a thick layer
(caused by the inter-ionic attraction and molecular
association), the capacity of adsorbent was exhausted
and the uptake rate was controlled by the rate at
which the adsorbate was transported from the exterior
to the interior sites of the adsorbent particles. None of
the plots passed through the origin (Fig. 14), which
revealed that the intraparticle diffusion was part
of the adsorption process but was not the only rate-
controlling step. Some other mechanisms such as
complexes or ion-exchange may also control the rate
of adsorption [18].

4. Conclusions

The present study demonstrates that the EG is an
effective and novel adsorbent for the removal of Sn(II)
in aqueous solutions. The adsorption is highly depen-
dent on pH, adsorbent dosage, initial concentration,
and temperature. The equilibrium data are identical
with Langmuir and the isotherm model, and the
maximum adsorption capacity of Sn(Il) on EG is
378.78 mgg .
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