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Abstract The carbon gel and carbon gel doped with 0.5, 1
and 2 wt% of graphite intercalation compound were used
for the removal of heavy metals from aqueous solutions.
These materials were prepared by a sol-gel process that
involves a polycondensation of resorcinol and for-
maldehyde. Nitrogen adsorption, scanning electron micro-
scopy, energy dispersive spectroscopy and fourier transform
infrared spectroscopy were used for a morpho-structural
adsorbent investigation. In the present paper, Cu, Co, Pb
and Ni ions adsorption experiments were carried out in
batch conditions under magnetic stirring. The effect of some
parameters such as contact time, metal ions’ concentration
and pH were examined. Adsorption data on all sorbents,
followed both the Frendlich and Langmuir models. The data
better fitted the Langmuir isotherm than the Frendlich one.
The highest degree of removal was achieved for Pb ions at
the initial concentration of 10 mg/l and for 2 g/l adsorbent
dose. Adsorption results expressed as adsorption capacities
showed that carbon gel doped with 2 wt% of graphite
intercalation compound is the best adsorbent.
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1 Introduction

The development of industrial activities is causing an
increasing amount of wastewater. Among the many con-
taminants found in wastewater, particular attention should
be paid to heavy metals. The presence of heavy metals
results in negative effects on human life and the environ-
ment due to their high toxicity. The increased awareness
and concern about the natural world as well as strict leg-
islation have contributed to more efforts in research within
the area of finding efficient techniques for removing these
contaminants from wastewater.


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4256-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4256-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4256-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4256-0&domain=pdf
mailto:malgorzata.osinska@put.poznan.pl
http://dx.doi.org/10.1007/s10971-016-4256-0

J Sol-Gel Sci Technol (2017) 81:678—-692

679

The adsorption process is regarded as one of the most
effective techniques because of its simplicity and high effi-
ciency [1].

Excellent sorbents are carbon gels due to their high
surface area. Carbon gels are mainly prepared through
polycondensation of resorcinol with formaldehyde and
sodium carbonate added as a catalyst [2—4]. Such obtained
organic gels are dried and then subjected to carbonisation in
an inert atmosphere. There are three main methods of dry-
ing organic gels: drying with supercritical CO, [5, 6]
creating gels named aerogels, drying at ambient temperature
[7-10],which gives xerogels or by freeze drying [11]—
cyrogels. During carbonisation, organic gels are heated
from room temperature to the required pyrolysis tempera-
ture, generally 600-1050 °C [12-15].

Despite the unique properties of carbon gels, there are
still only a few reports about their application in the
adsorption of heavy metals. This can be attributed to the
high synthesis cost of these materials. One of the works on
the adsorption of heavy metals on carbon gels is the
research of Meena et al. [16]. They studied the removal of
Cd(I1), Pb(1l), Hg(1l), Cu(II), Ni(II), Mn(II) and Zn(II) from
aqueous solutions using commercially supplied aerogel.
This gel showed nearly 100 % adsorption of metal ions
under optimised conditions. The research of Goel et al. [17]
and Kadirvelu et al. [18] confirmed the high efficiency of
aerogels in the removal of Pb(Il), Hg(Il), Ni(II) and Cd(II).
Kadirvelu additionally checked their adsorption capacities
in a multi-component solution. Girgis and coworkers [19]
demonstrated that the adsorption capacity of carbon
xerogels in relation to Cu(Il) ions from aqueous solutions, is
controlled by the specific surface area and surface chemical
nature (acidic O-functional groups).

Yang and coworkers [1] found that the removal effi-
ciencies of Pb, Zn and Cu by N-doped carbon xerogels were
about 1.6-2 times higher then those by carbon xerogels.
This excellent adsorption performance of N-doped xerogels
is mainly dependent on the surface N functional groups
rather than the textural properties.

A number of studies devoted to expanded graphite
(EG) also confirmed its sorption properties [20-27]. EG can
be obtained by the process of exfoliation of graphite inter-
calation compounds (GICs), which can be prepared by the
introduction of certain molecules called intercalates, between
the interlayer spacing of graphite. During the process of
exfoliation, intercalates are released from the graphite flakes.
These effects are responsible for a huge expansion of EG
along the c-axis as well as a tremendous increase in specific
surface area.

In the present work, I synthesised and examined for the
first time carbon-GIC composites during the processes of
adsorption of heavy metals. The aim of this work was to
prepare carbon-GIC composites by the addition of

NiCl,—FeCl;—GIC to carbon gels. I expected that this com-
ponent would be involved in the development
of the porous structure of the carbon gels. And also
because Moreno [12] concluded that the carbonisation
temperature has a significant effect on the textural properties
of the carbon xerogels and that an increase in the carboni-
sation temperature causes a decrease in porosity; my xer-
ogels were pyrolysed at the relatively low temperature of
750 °C.

2 Experimental
2.1 Chemicals

All chemicals were obtained commercially and were used
without further purification: resorcinol (POCH, Poland),
formaldehyde (37 wt.%, stabilised 10wt.% methanol,
Merck, Germany), sodium carbonate (POCH, Poland),
acetone (POCH, Poland), N-cetyl-N,N,N-trimethylammo-
niumbromide (CTAB) (Merck, Germany), nickel(Il) chlor-
ide anhydrous (Merck, Germany), ferric(Ill) chloride
anhydrous (Merck, Germany), purified flaky graphite (99.98
wt.% C, flakes 100-125 pm in diameter), sodium hydroxide
(POCH, Poland), potassium hydroxide (POCH, Poland),
nitric acid (POCH, Poland), hydrochloric acid (POCH,
Poland). Analytical grade reagents were used for preparation
of metal solutions: copper(Il) sulphate, nickel(Il) nitrate,
cobalt(Il) nitrate and lead(Il) nitrate (all POCH, Poland).
Distilled water was used for preparing all the solutions.

2.2 NiCl,-FeCl;3-GIC synthesis

NiCl,-FeCl;—GIC was prepared using the molten salts
method. Purified flaky graphite (99.98 wt.% C, flakes
100—-125 pm in diameter) and anhydrous chlorides of Ni and
Fe were used as reactants. The molar ratio of graphite to
metal salts was chosen to be 3:1 and the molar ratio of
NiCl,:FeCl; was 4:1. Before intercalation the glass reactor
loaded with the mixture of graphite and metal salts was
purged with a nitrogen flow. The aim of this procedure was
to remove moisture and air. The reactor was sealed at both
ends, also under continuous nitrogen flow and was then
inserted into a computer controlled furnace. The process of
intercalation was carried out at 450 °C for 72 h. To remove
unreacted salts, the reaction product was filtered and
washed out with a large amount of diluted HCI solution.
Then the sample was rinsed with water and acetone. After
such preparation, the product was stored in a moisture free
atmosphere for drying at ambient temperature.
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2.3 Carbon xerogel and carbon-GIC composites
preparation

RF hydrogels were synthesised by the polycondensation of
resorcinol (R) with formaldehyde (F) with sodium carbonate
(C) as a catalyst and surfactant (S) CTAB. Molar ratios R/F,
R/C and R/S were 0.5, 1000 and 125, respectively. Resor-
cinol was mixed with the catalyst, surfactant and deionised
water to dissolve by stirring them for not less than 1 h. After
the dissolution, formaldehyde was added and stirred for 24
h. The pH value of the mixture was adjusted to equal 6.0 by
the addition of 1 M NaOH solution. The mass percentage of
the reactants in water solution was set at 40 %.

In order to obtain carbon-GIC composites, the mass of
GIC in the solution was adjusted so its content in carbon
formed after the carbonisation of the mixture of resorcinol
and formaldehyde was 0.5, 1 and 2 % by weight. The mass
percentage of RF and GIC in solution was set at 40 %. In
this case, the resorcinol was mixed with the catalyst and
water. After the dissolution, formaldehyde was added and
stirred for 24h. The surfactant dissolved in water was
mixed with GIC for 80 min., after which the solution was
added to the mixture of RF. Then the pH was adjusted, by
the addition of 1 M NaOH, to a value of 6 and the mixture
was stirred for another hour.

These solutions were poured into polypropylene vessels
that were sealed. Then organic gel solutions were allowed to
gelate at 50 °C for 96 h. After this time, the RF and RF-GIC
gels were removed from the drying stove and cooled at
room temperature.

All the samples underwent the operation of water
removal through the exchange with acetone according to a
method already applied elsewhere [28].

Subsequently, the dried samples of gels were carbonised
in a tube furnace under nitrogen flow at 750 °C for 3 h using
a heating rate of 10 °C/min, then the heating was turned off
and the tube furnace was cooled to 50 °C.

The products obtained in this work were labelled as
follows:

CG—carbon gel (without GIC),

CG-0.5GIC—carbon gel doped with 0.5 wt% of GIC,

CG-1.0GIC—carbon gel doped with 1.0 wt% of GIC,

CG-2.0GIC—carbon gel doped with 2.0 wt% of GIC.

2.4 Adsorbents characterisation

A scanning electron microscopy (SEM) (Hitachi S-3400N)
coupled with the energy dispersive spectrometer (EDS)
(Thermo Electron Corp., model No. 4481B-1UES-SN with
the NSS Spectral Imaging System software) was used for
observing the morphology on the adsorbent surface as well

@ Springer

as determining their  chemical
composition.

The BET-specific surface areas (Sggr) of samples were
determined from the isotherms measured by N, adsorption at
—195.5 °C using a relative pressure ranging from 0.06 to
0.30 (Autosorb i1Q-Quantachrome). The cumulative pore
volume between 1.7 and 300 nm and mesopore size dis-
tributions were determined from the desorption branch of the
N, isotherm using the Barret-Joyner—Halenda method.

The surface functional groups were qualitatively deter-
mined by FTIR spectra of carbon xerogels, recorded in the
wavenamber range of 4000-400 cm™'. FTIR measurements
were carried out with BRUKER-model 113V IR spectro-
meter using the KBr technique.

The contents of surface oxygen functional groups were
determined according to the Boehm method [29].

The pH of carbon gels was measured using the following
procedure [30]: a portion of 0.4 g of the dry sample of
adsorbent was added to 20 cm® of distilled water and the
suspension was stirred for 12 h to reach equilibrium. Then
the pH suspension was measured.

semi-quantitatively

2.5 Adsorption of metal ions from aqueous solutions

Four metal ions were studied: Cu(I), Ni(IT), Pb(II) and Co
(II). Adsorbate solutions, 1000 mg/l, were prepared by
dissolving suitable metal salts in acidified (with HNOj3)
distilled water to prevent formation of metal ions by
hydrolysis. The solutions were diluted with distilled water
to obtain the desired concentration of metal ions. An atomic
absorption spectrometer (AAS 1IN, Carl Zeiss-Jena, Ger-
many) operating with an air acetylene flame was used for
determining metal ions concentration at their respective
wavelength. Three standard solutions with concentrations of
metal ions in the linear range of the instrument were used to
construct each calibration curve. All measurements were
repeated three times.

Batch mode adsorption studies of Cu(II), Ni(Il), Pb(II)
and Co(Il) were carried out at 25°C using 200 ml of
metal ion solutions with concentrations ranging between
10 =50 mg/1 and 400 mg of adsorbent. These were agitated
in a shaker for a known period of time (3—1440 min) and
after each agitation period, the suspension of the adsorbent
was separated from the solution by filtration using What-
man No. 1 filter paper. The effect of several parameters,
such as pH, metal ion concentrations and contact time
on the adsorption was studied. The pH of the adsorptive
solutions was adjusted using nitric acid or sodium
hydroxide. Adsorption of metal ions on the walls of glass
flasks, determined by running the blank experiments, was
negligible.
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The percent of heavy metal removal (Ry;) was calculated
using Eq. (1):

(Ci — Ce)

Ru(%) =

-100 (1)
where: C; and C. are the initial and final metal ion
concentrations (mg/l), respectively.

Adsorption capacities (g.) (mg of metal per g of carbon
gel) for each sorption system were determined using
Eq. (2):

. <%> V(G -C)

8 m

(2)

where: V is the solution volume (ml) and m is the adsorbent
mass (mg).

3 Results and discussion
3.1 Physicochemical characteristics

The SEM images of carbon gel CG and CG-GIC compo-
sites are shown in Figs. 1-4. These images allow the
observation of the changes in morphology of carbon gels
caused by the addition of NiCl,-FeCl;—GIC to the RF
solutions. It was noted that CG gel obtained after the car-
bonization of hydrogel free of GIC had a more compact

Fig. 1 SEM images of carbon
gel CG a,b

Fig. 2 SEM images of
composite CG-0.5GIC a,b

R 2 - |
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structure than CG-GIC composites. CG-GIC composites
were received in the form of easily crumbling lumps.

From the comparison of the SEM images shown in Fig. 1
with those presented in Figs. 2—4, the influence of
NiCl,—FeCl;—GIC added to RF gel can be evaluated.
The carbon material of sample CG is composed of particles
in a wide range of dimensions and shapes. The mechanism
of the polymerisation process was changed by the
presence of NiCl,—FeCl;—GIC in the RF solution. These
changes are visible especially in the shape, diameter and
morphology of particles. For sample CG the irregularly
shaped particles changed into spherical ones, showing the
catalytic effect of the GIC addition to create CG-GIC
composites. Based on the results of the EDS analysis
(Table 1), one can notice an increase in oxygen content for
the composites.

The porous structures of obtained carbon gels were
characterised using the N, adsorption-desorption isotherms
(Table 2). The specific surface area for sample CG
amounted to 444 m*g”". The BET surface area for compo-
sites CG-GIC became from about 5 to 23 % higher as
compared to that of carbon gel CG. On considering the
structural data presented in Table 2, it is also clear that the
addition of GIC led to the increase in the average pore
diameter of mesopores and is responsible for the increase in
their cumulative volume of pores.

20.0um |1 S3400 10.0kV 6.4mm x10.0k SE
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Fig. 3 SEM images of
composite CG-1.0GIC a,b

Fig. 4 SEM images of
composite CG-2.0GIC a,b

o
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Table 1 Semi-quantitative EDS data for samples CG and CG-GIC

Element Composition (at. %)
CG CG-0.5GIC CG-1.0GIC CG-2.0GIC
C 96.13 94.91 94.50 92.80
(6] 3.87 5.05 5.5 7.20
Ni - n.d. n.d. n.d.
Fe - n.d. n.d. n.d.

n.d. not detected

Figure 5 depicts the FTIR spectra of the investigated
samples. In all the spectra, a strong absorption band of O-H
stretching vibrations, observed in the region 3435-3440 cm™ ",
is associated with the surface hydroxylic groups and chemi-
sorbed water [31-38]. The intensities of these peaks are
similar for all samples. All spectra show a pronounced band at
1559-1578 cm™'. The complicated nature of the adsorption
bands in this region suggests that aromatic ring bands and
double bond (C=C) vibrations overlap C=O stretching
vibration bands and OH binding vibration bands [32, 33]. In
this region, the peak observed for sample CG-2.0GIC is about
two times more intensive than for other samples.

The peaks corresponding to C—O vibrations derived from
the phenolic structure are visible in the region 1114-1159 cm™
[34, 35]. This peak is the most intense for sample CG-2.0GIC,

@ Springer
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lower for gels doped with 1 and 0.5 % GIC and the lowest for
gel CG.

The band appearing in the region 2921 cm™" is connected
with stretching vibrations between carbon and hydrogen,
characteristic of —CH,- and —CHj structures [36, 37]. The
presence of this band suggests the existence of some ali-
phatic species on the surface of the carbon gel. The band
noted in the region 2921 cm™" is visible only for carbon gel
free of GIC (sample CG).

Other bands of small intensities about and below 800 cm™
can be ascribed to out-of plane vibration of C—H moieties of
aromatic structure [33, 39] are observed for GIC-doped
samples.

As follows from the data presented in Table 3, the carbon
materials differ in the number of acid and basic functional
groups and in the pH. The addition of GIC leads to the
changes in the pH, for composites the pH was slightly
higher than for carbon gel. The higher pH for composites is
related to the presence of considerable amounts of acidic but
also basic oxygen functional groups. Total content of sur-
face oxide groups for composites with 1 and 2 % addition of
GIC is about two times higher than for sample CG. The
importance of the effect of acid functional groups on the
adsorption capacity for heavy metal ions has been reported
by many researchers [40—43].

1
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Table 2 Surface properties of carbon gel and GIC containing carbon
gels

Sample SBET Average pore  Total pore volume
(m? g_l) diameter (nm)  (cm® g_')
CG 444 3.61 0.44
CG-0.5GIC 466 3.70 0.43
CG-1.0GIC 485 5.25 0.58
CG-2.0GIC 547 7.58 1.04
2a 169
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Fig. 5 FTIR spectra of CG and CG-GIC composites

3.2 Effect of pH

Adsorption is a process which depends on many factors
such as the physicochemical properties of the adsorbent, the
concentration and the characteristics of the heavy metal
ions, and the pH of the solution. The latter is an important
parameter for the removal of heavy metal ions from aqueous
solutions, because it affects the solubility of adsorbates,
concentration of the counter ions on the functional groups
of the adsorbent and the degree of ionisation of the adsor-
bate during reaction [44].

Removal of heavy metal ions was studied as a function
of pH over a pH range of 37 on carbon gel and composites
at the initial concentration of 50 mg/1 as shown in Fig. 6. As
can be seen from this figure the maximum adsorption was
reached when the pH was 7.

The increase in metal removal as the pH increases can be
explained on the basis of a decrease in competition between
proton and metal cations for the same functional groups and
by the decrease in positive surface charge, which lowers
electrostatic repulsion between the surface and the metal
ions [16]. But the higher pH also caused the precipitation of
metal hydroxides. The effect of pH on the precipitation of
Cu(I), Ni(Il), Pb(IT) and Co(II) was studied over a pH range

of 3—7 and is presented in Fig. 7. This figure shows that the
removal of metal ions by precipitation started from pH > 4.
From this moment partial hydrolysis took place, resulting in
the formation of MOH"* and M(OH),. For this reason, in
order to exclude overlaps of the adsorption with metal
precipitation, studies of the adsorption on carbon gel and
carbon composites were carried out at pH 3.

3.3 Effect of contact time and initial concentration of
heavy metal

The effect of contact time on the adsorption capacities of
carbon gel and carbon composites for different initial metal
ion concentrations is presented in Figs. 8—10. The equili-
brium time is one of the most important parameters for a
cost-effective wastewater treatment process.

From the curves presented in these figures, one can see
that in all cases, metal ions’ removal efficiency increased
with longer contact time. Metal ions were adsorbed quite
rapidly initially, however the adsorption capacity became
slower with the passage of time. The initial faster rate of
removal of each metal ion (Figs. 8—10) was may be due to
the availability of the uncovered surface area of the carbon
gel and composites, since adsorption kinetics depends on
the surface area of the adsorbent.

It can be seen that for most of the studied systems, the
contact time required for the adsorption of metal ions is
relatively short and usually 3h were needed to reach the
equilibrium state (Figs. 8-10). Only a small increase in
adsorption beyond this time is observed. However in a
study conducted by Meena et al. [16] on commercial carbon
aerogel (supplied by Marketech International, USA), found
that the optimal contact time required to attain equilibrium
was about 48 h but for Mn(II), Zn(IT) and Cu(II), which was
higher and was around 72 h.

One can also see from the comparison of curves pre-
sented in Figs. 8—10 that although the adsorption capacity
increased with increasing concentrations of metal ions, the
extent of this rise was not proportional to the initial con-
centrations, eg a five-fold increase in the metal ion con-
centration did not lead to a five time higher adsorption
capacity. An explanation of this can be in the availability of
surface area of the carbon gel and composites on which the
adsorption of metal ions occurred.

The effect of the initial concentration of metal ions on
their removal from water solutions (at initial pH of 3) by the
adsorption (24 h) on carbon gel and composites (2 g/l) is
presented in Fig. 11. One can observe that at pH 3 and a
contact time of 24 h, the percent of metal removal is the
highest, nearly 100, for Pb(II) ions. For these ions, it is seen
that percentage removal is almost complete (99.22 %) for
the initial metal ions’ concentration level 10 mg/l and for
2 g/l adsorbent dose for all carbon gels (Fig. 11a). At the
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higher initial concentration of metal ions of 25 mg/l, there is
a slight drop in percentage removal of Pb(II) for CG-2.0GIC
(98.92 %). The same degree of removal of Pb ions was
recorded for sample CG-1.0GIC. A lower efficiency yield of
85.43 % for samples CG-0.5GIC and CG was achieved.

A further decline in efficiency was observed for all the
samples of adsorbents for solutions with the concentration
50 mg/l.

For Cu(ll), Co(I) and Ni(Il) (Fig. 11b, c¢) the similar
relationship as for Pb(I) was noted but in the case of these
metal ions a lower percentage removal than for Pb(I) was
obtained. The efficiency of removal of these ions range from
about 15 % for solution of 50 mg Ni(I[)/l on CG to 84 % for
solution of 10 mg Cu(I)/I on CG-2.0GIC. The best adsorbent
for Cu(Il) was CG-2.0GIC, for Ni(II) and Co(Il) was CG-
2.0GIC and CG-1.0GIC (for both adsorbents the efficiency
was 81,6 % for Co and 68.93 % for Ni).
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Fig. 8 Effect of contact time on
the adsorption capacities for

a CG, b CG-0.5GIC, ¢ CG-
1.0GIC and d CG-2.0GIC for an
initial concentration of heavy
metal ions of 10 mg/l

Fig. 9 Effect of contact time on
the adsorption capacities for

a CG, b CG-0.5GIC, ¢ CG-
1.0GIC and d CG-2.0GIC for an
initial concentration of heavy
metal ions of 25 mg/l
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The results showed that the percentage removal increases ~ heavy metal ions. At higher concentrations, the numbers of
with the decrease in the initial metal ions concentration.  heavy metal ions are relatively higher compared to the avail-
This can be explained because at lower initial concentrations,  ability of adsorption sites [16]. Hence, the efficiency of
sufficient adsorption sites are available for adsorption of  removal of heavy metal ions depends on the initial
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Fig. 10 Effect of contact time on the adsorption capacities for a CG, b CG-0.5GIC, ¢ CG-1.0GIC and d CG-2.0GIC for an initial concentration of

heavy metal ions of 50 mg/l

concentration and increases as the initial metal ions con-
centration decreases.

Results also showed that for all initial metal ions con-
centrations (50, 25 and 10 mg/l), the final pH was higher than
the initial pH. The pH value changed, with a value which
decreased when the initial metal ion concentration increased.
The same relationship was observed by Goel and co-workers
[17] and they concluded that as the initial metal ion con-
centrations increases, the resultant equilibrium pH decreases, as
more metal ions are adsorbed onto carbon gel, more hydrogen
ions are released, owing to dissociation of acidic surface
functional groups in the carbon. These groups are considered
responsible for the cation exchange capacity of carbon
gel. This is in agreement with data obtained by FTIR
measurements.

A particularly clear difference in the amount of removed
metal ions, depending on their initial concentration, is seen
for Cu(Il). One can observe that the removal of Cu(Il) was
higher from the solution of the lowest concentration than
from the solutions of higher concentrations. Removal of Cu
(II) from the solutions of 10 mg/l changed from about 74 to
84 % for CG and CG-2.0GIC, respectively, whereas it was
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about 50 % lower for the solutions of 25 mg/l. In this case, it
can be assumed that the amount of acid groups involved in
sorption was insufficient at higher concentrations of Cu(Il).
It was also found by Biniak et al. [32] that there was no
relationship between the uptake of Cu(Il) ions and the
surface area of the carbons but the adsorption was strongly
influenced by the presence of acidic functional groups on
the carbon surface, and the pH of the solution.

3.4 Adsorption isotherms

To examine the relationship between sorbed (g.) and aqu-
eous concentrations of metal ions (C.) at equilibrium
(Fig. 12), Langmuir and Freundlich models were used. The
Langmuir model assumes that the uptake of adsorbate
molecules occurs on a homogenous surface by monolayer
adsorption without any interaction between adsorbed
molecules. Freundlich model is suitable for non-ideal
adsorption on heterogeneous surfaces. The heterogeneity
is caused by the presence of different functional groups on
the surface, and various adsorbent-adsorbate interactions.
To get the equilibrium data, initial metal ions’
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Fig. 11 Effect of initial concentration of a Pb, b Cu, ¢ Co and d Ni ions on the removal, with CG and CG-GIC composites

concentrations were varied while the adsorbent masses were
kept constant (2 g/l) and the same equilibrium time (24 h)
was used for sorption experiments on all samples.

Values of correlation coefficients and other parameters
are given in Table 4.

The coefficients were calculated from the linear form of
Langmuir equation:

C. C. 1

=—++
e On KiOn

(3)

where C, is the final concentration (mg/l), g, is the amount
of metal uptake at equilibrium (mg/g), O, is maximum
adsorption capacity (mg/g), Ki is Langmuir adsorption
constant (I/mg). Langmuir constants were calculated from
the slopes and the intercept of plots of C./ge vs. Ce.

The separation factor Ry, an important parameter indi-
cating the favorability of the adsorption based on the Lang-
muir equation, is defined by Weber and Chakravorti [45] as:

1

R ——
PO +KG)

(4)

where K| is the Langmuir constant and C; is the highest
initial metal concentration (mg/1).

The value of Ry indicates the type of adsorption either to
be unfavourable (R; > 1), linear (R = 1), favourable (0 <
Ry < 1) or irreversible (R, =0) [16, 18, 45].

The values of Ry for each of metal ions and adsorbents
were between 0 and 1, which indicates favourable adsorption.

The linear form of Freundlich isotherm was applied to
the adsorption data of metal ions:

In(qe) = n(Ke) +--1n(C.)

(5)

where C. is the equilibrium concentration (mg/l), ¢. is the
amount of metal uptake at equilibrium (mg/g), K¢ (I/g) and
ng (dimensionless) are constants incorporating all factors
affecting the adsorption capacity.

Straight lines were obtained by plotting C./q. against C,
as shown in Fig. 13, which indicated the applicability of
Langmuirs adsorption isotherm. Consequently, the forma-
tion of monolayer coverage of the adsorbates on the surface
of the adsorbent is suggested. The lines obtained by plotting
In g, against In C, (as shown by Fig. 14) showed that the
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Fig. 12 Adsorption isotherms for a Pb, b Cu, ¢ Co and d Ni ions onto CG and CG-GIC composites

Table 3 Acid-base properties

of the adsorbents Sample pH ﬁ;:li;dl(i)cllg]roups 1[3515111((:) l%gups "[[‘H(iilolclz?tent of surface oxides
CG 6.99 0.30 0.92 1.22
CG-0.5GIC 7.08 0.76 0.83 1.59
CG-1.0GIC 7.00 1.07 1.17 2.24
CG-2.0GIC 7.717 1.12 1.27 2.39

adsorption of studied metal ions did not match the Freun-
dlich isotherm very well. It is also evident from the corre-
lation coefficient (R2) values that the Freundlich isotherm
did not fit the experimental data well (Table 4).

It is clear from the Table 4 that the values of Q,,
(monolayer adsorption capacity), as calculated from the
Langmuir adsorption isotherms for metal ions was found to
be the highest for Pb(Il) and for composite CG-2.0GIC
(17.7 mg/g) which was in agreement with the high surface
area and high volume of pores. The adsorption capacity
obtained for Pb(Il) on composite CG-2.0GIC was much
higher than that received by Meena et al. [16] (0.75 mg/g)
for commercial carbon aerogel. The main reason for the
higher capacity of composite CG-2.0GIC as compared to
commercial carbon aerogel is its more than 28 % higher
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BET surface area. Also average pore diameter for composite
CG-2.0GIC is much higher. Meena et al. [16] conducted
their adsorption study at pH 6. It is known that at a pH less
than 5, metal ions are mainly in the ionic form [46], higher
pH results in the formation of hydrated ions. The structures
of hydrated metal ions in aqueous solution display a variety
of configurations depending on the size and electronic
properties of the metal ion. The basic configurations of
hydrated metal ions in aqueous solution are tetrahedral,
octahedral, square antiprismatic, and tricapped trigonal
prismatic [47]. The structure of the hydrated lead(Il) ions is
strongly affected by the lone electron pair, giving com-
plexes with low symmetry (hemi-directed). The effective-
ness of the adsorption process depends also on the size of
ions in the aqueous phase; the hydrated radius of Pb(II)
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Fig. 13 Langmuir isotherm fit for adsorption onto carbon gel and composites for a Pb, b Cu, ¢ Co and d Ni ions

(0.401 nm) is higher as compared to the ionic radius of Pb
(II) (0.112nm) [18, 46]. Therefore Pb(Il) ions have more
accessibility to the surface and pores during the adsorption
from the solutions at the lower pH of 3 than 6, which in turn
leads to the higher adsorption of lead (II) onto CG-2.0GIC.
This is also consistent with the results obtained by Goel
et al. [17] who conducted adsorption of metal ions from
solutions at pH 4.5. Also Bohli et al. [42] noted that the
important uptake of lead, even at low pH, may be related to
a higher affinity of the surface functional groups of carbons
for this metal ions compared to the affinity towards copper
and nickel.

There is no consensus between researches regarding the
adsorption on metal ions. In comparison to other carbon
gels studied for heavy metal ions adsorption, the adsorption
order changes strongly from one adsorbent to another.
Meena et al. [16] found that Cd(II) metal ion was much
better adsorbed than Pb(II), but an opposing tendency was
found for these metal ions by Kardivelu et al. [18]. The
selectivity of adsorption was found by Meena [16] to
decrease in the order: Cd > Cu > Hg > Ni > Pb, whereas the

adsorption capacities order, determined by Kardivelu et al.
[18], follow the trend Hg>Pb>Cd. Similar differences
were also observed during absorption of heavy metals onto
activated carbons by different authors [40-42, 48-50]. Some
consider that metal ions go through adsorption sites easily
when the ionic diameter becomes small [40, 41, 48, 50].
These authors explained the differences in the adsorption
based on the ionic radius, the large ionic radius induces a
quick saturation of adsorption sites, because of steric over-
crowding on the surface. Some researches [42, 49] reported
that the adsorption of metals having a large ionic radius was
higher than for those with a smaller ionic radius.

It seems that the difference in adsorption affinity order
and adsorption amount may be related not only to metal
ions’ properties but also to physical-chemical properties of
the adsorbent (morphology, surface area, pores distribution,
functional groups). The reason for this is that a substance
which is a good adsorbent for one adsorbate may not be a
good adsorbent for another.

The best adsorbent for all metals was CG-2.0GIC with
the order Pb(I) > Cu(l) > Co(Il) > Ni(Il). The weak
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Linerization according to Freundlich isotherms of a Pb, b Cu, ¢ Co and d Ni ions adsorbet by carbon gel and composites

Metal ion  Sample Langmuir parameters Freundlich parameters
R Om[mg/gl Ky [Vmg] R~ R nE Ky [Ug]
Pb CG 0.9628 16.95 0.6629 0.029 09742  4.6948 8.4946
CG-0.5GEC 09634 16.95 0.6519 0.030 09742  4.7037 8.4840
CG-1.0GEC  0.9968 17.01 2.5016 0.008 0.7562  5.0761 10.5220
CG-2.0GEC  0.9903 17.70 1.1976 0.016 09894  3.8835 8.9826
Cu CG 0.9780  6.64 0.2084 0.096 0.8580 49776  3.3810
CG-0.5GEC  0.9215 7.91 0.1384 0.144  0.7047  5.6721 3.3174
CG-1.0GEC 0.7504  7.54 0.0810 0.247 0.3860  6.1387 29174
CG-2.0GEC  0.9597 8.64 0.1890 0.106 09238  5.7405 3.0493
Co CG 0.9992 546 2.8927 0.007  0.9579 3.0950  2.2956
CG-0.5GEC  0.9997  7.97 0.2073 0.001  0.7929 1.0111 3.7776
CG-1.0GEC 09886  7.68 0.3283 0.057 09928  5.2301 3.6183
CG-2.0GEC 09997  7.86 1.5854 0.012  0.9315 4.6382  3.7644
Ni CG 09953  4.16 2.2493 0.009 0.3007 15.4321 3.3243
CG-0.5GEC  0.9953  4.57 5.6927 0.003  0.5107 8.9606  3.1630
CG-1.0GEC 09933  4.84 5.0490 0.004 0.3555 10.6383 3.6610
CG-2.0GEC  0.9981 5.03 2.9985 0.007  0.4268 3.7610  3.5983

adsorption of Ni(Il) was also noted by Goel et al. [17] for

commercial

carbon aerogel of Lawrence Livermore

National Lab (USA). They explained that it is due to its
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specificity of adsorption or adherence with some functional
group present on the surface of the adsorbent. The
adsorption capacities of Ni(I[) found by them at pH 4.5 was
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about two times lower than this obtained for composite CG-
2.0GIC, despite the fact that the BET surface area for car-
bon aerogel studied by them was higher (700 m?g™") than
the BET surface area of composite CG-2.0GIC. Also Fiol
et al. [51], Faur-Brasquet et al. [48] and Bohli et al. [42]
noted that different carbon adsorbents had a relatively low
adsorption capacity for nickel ions.

The better adsorption properties of CG-GIC composites
are based on the difference of the specific surface area, pore
volume and average pore diameter. One can assume that
during the carbonisation of dried samples of gels with the
addition of GIC, the exfoliation could take place leading to
the formation of porous graphite. In the results of this
process, the amount of surface groups was also changed
(Fig. 5, Table 3).

Composite CG-2.0CIG retain considerable oxygen
content, which results in characteristic surface properties as
this oxygen takes part in the formation of extensive func-
tionalities imparting acidity/basicity, hydrophylity, surface
ionisable groups and others. Such functionalities contribute to
a great extent to the important adsorption characteristics
of this carbon material. Many authors have reported that
carboxylic groups on adsorbents can play an important
role in the adsorption of metal ions—carbons with high car-
boxylic functions are very efficient for metal ions’ removal
[41, 43, 48, 52].

4 Conclusions

In this work, the carbon gel and carbon-GIC composites
prepared by the sol-gel method were used for the removal of
heavy metals from aqueous solutions. These materials
exhibited surface areas from 444 to 547 m*g™", for carbon
gel and composite CG-2.0GIC, respectively. The changes in
the morphology of the materials caused by the addition of
NiCl,-FeCl;—GIC were evaluated by SEM images. The
investigation of surface groups carried out by FTIR showed
that some surface groups (in the region 1559-1578 and
1114-1159 cm_l) were more intense for composites; it was
especially visible for composite CG-2.0GIC.

The removal of Pb(I), Cu(Il), Co(I) and Ni(Il) was
found to be dependent on their initial concentration. The
percentage removal decreased as the initial concentration of
metal ions increased. The Frendlich and Langmuir isotherm
equations have been used to describe the equilibrium data
and the data fitted the Langmuir isotherm better for all of the
adsorbents. The best adsorbent for all metal ions was carbon
gel doped with 2.0 wt% of GIC. The results show that for
this composite, the adsorption capacities (Q,,) from the
Langmuir isotherm models were found to be 17.7, 8.64,
7.86 and 5.03 mg g_l at pH 3.0 for Pb(II), Cu(I), Co(Il) and
Ni(II), respectively.
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