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This paper presents a comparative study of Cu(i) decontamination by three different carbonaceous

materials, i.e., graphene oxide, multiwalled carbon nanotubes, and activated carbon. The three carbo-

naceous materials were characterized by scanning electron microscopy, Fourier transform infrared spec-

troscopy, N,-BET surface area analysis, and potentiometric acid-base titrations in detail. Also, Cu(i)

adsorption on the three types of carbonaceous materials as a function of pH and Cu(i) ion concentration

were investigated. The constant capacitance model was used to determine the appropriate surface reac-
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tions of Cu(n) adsorption on carbonaceous materials with the aid of FITEQL 4.0 software. In addition,

how the surface area and the total concentration of acidic functional groups influencing the adsorption
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1. Introduction

Metal contamination is a serious and rising problem in the
disposal of industrial and municipal wastewater.! Many papers
have been published in the past few decades, confirming that
the carbonaceous materials are effective adsorbents for de-
contamination of metal ions and their complexes.>” Carbon-
aceous materials include a variety of stable forms ranging
from naturally occurring bulk structures such as activated
carbon (AC) to discrete structures such as carbon nanotubes
(CNTs) and graphene. Their high sorption capacities are
associated with the large specific surface area and the exist-
ence of a wide spectrum of surface functional groups.” AC is
certainly one of the first materials applied as adsorbent and
has good performance in the removal of heavy metal ions.*”
CNTs are relatively new efficient carbonaceous sorbents for
trace pollutant decontamination due to their large specific
surface area and hollow structure. Extensive efforts have led to
remarkable progress in the application of CNTs for metal ion
removal, which has been discussed in recent reviews.*® Gra-
phene oxide (GO), a fascinating new member of the carbon
family, has been one of the worldwide hotspots of research
due to its potential applications since its discovery. Its large
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capacities of the three carbonaceous materials for Cu(i) removal were elucidated. The results have an
important role in predicting the adsorption capacity of surface modified carbonaceous materials.

specific surface area indicates it can be used as an efficient
adsorbent.”™°

Different extents of aliphatic sp® or aromatic sp> hybridi-
zation of the carbon atoms in the carbonaceous materials
results in different bonding and ring structures.'"' For
example, AC is amorphous carbon of a structure primarily con-
taining six-membered rings with sp®> hybridized carbons,
along with a wealth of non-aromatic five- and seven-membered
rings."* As the 2D counterpart of naturally occurring 3D graph-
ite, graphene is the hypothetical infinite aromatic sheet with
sp> hybridization of the carbon atoms.'> While, the structure
of multiwalled carbon nanotubes (MWCNTS) can be rational-
ized as resulting from the folding of several graphene sheets
(sp*hybridized carbon) aligned in a concentric manner."? This
topological variation results in different interactions between
the carbon substrate and a guest molecule and consequently
variation in adsorption behavior. The adsorption behavior of
methylene blue dye on three carbonaceous materials (GO,
MWCNTs and AC) was compared.'* The results indicated that
the adsorption of methylene blue dye on GO and MWCNTs
was attributed to n—x electron donor acceptor interactions and
electrostatic interaction, while that on AC was due to the large
surface area. Heavy metal ions are also important contami-
nants which can be concentrated by carbonaceous
materials.”>”® However, little effort has been made to compare
the adsorptive role of carbonaceous materials for heavy metal
ions and address the associated underlying mechanisms.
Herein, we analyzed and compared the adsorption behaviors
of different types of carbonaceous materials for metal ion
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removal by coupling characterization of carbonaceous
materials with quantitative analysis of the adsorption data. As
an example, we chose the study of Cu(u) adsorption on three
different carbonaceous materials, i.e., GO, MWCNTSs, and AC.
In addition, the experimental data of Cu(u) adsorption on GO,
MWCNTs, and AC as a function of pH were modeled by the
constant capacitance model (CCM) with the aid of FITEQL 4.0
software to provide insight into the adsorption mechanism of
Cu(u) on carbonaceous materials. Cu(u) is selected as a typical
heavy metal ion due to its extensive environmental impact." It
is essential for life in trace quantities, but is toxic at high con-
centration levels. So, it is necessary to control the Cu(u) con-
centration below the permissible limits before its discharge to
the environment. The aim of this work is to establish the exist-
ing similarities and differences between these materials con-
cerning their application for the decontamination and
enrichment of Cu(u) ions from aqueous solutions. The results
are also used to assess whether GO is a promising substitute
to CNTs and the conventional AC.

2. Material and experiments
2.1 Materials

MWCNTs were obtained from Shenzhen Bill Technology Devel-
oping Co., Ltd (Shenzhen, China). AC was purchased from
Tianjin Fuchen Chemical Reagents Factory (Tianjin, China).
The MWCNTs and AC were used as received without any treat-
ment. GO was prepared from the natural flake graphite
(average particle diameter of 20 mm, 99.95% purity, Qingdao
Tianhe Graphite Co. Ltd, China) by using the modified
Hummers method.'® The detailed information was described
in our previous studies.®

All the other chemicals used in the experiments were pur-
chased from Sinopharm Chemical Reagent Co. Ltd in analyti-
cal grade. Milli-Q water (18.2 MQ cm™") was used in the
experiments. The Cu(u) stock solution was prepared by dis-
solving CuCl, in Milli-Q water and then diluted to 1.416 x
10~° mol L™".

2.2 Characterization

GO, MWCNTs and AC were characterized by scanning electron
microscopy (SEM), Fourier transform infrared (FTIR)
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spectroscopy, N,-BET surface area analysis and potentiometric
acid-base titration. The SEM images of samples were carried
on a field emission scanning electron microscope (FEI Sirion
200 FEG SEM) at 5.0 kv. The FTIR measurements were
mounted by using the Perkin-Elmer 100 spectrometer
(America) at room temperature. The surface area was evaluated
by a Micromeritics ASAP 2020 M+C accelerated surface area
analyzer. The potentiometric acid-base titrations of GO,
MWCNTs and AC were performed at 303 K with a Mettler
Toledo DL50 titration apparatus (Switzerland) under Ar gas
conditions, using NaCl as the background electrolyte and
NaOH (0.04909 mol L") as the titrant.

2.3 Batch experiments

The adsorption experiments of Cu(i) on GO, MWCNTs and AC
were carried out in a series of polyethylene tubes by using the
batch technique. The stock suspension of adsorbent (GO,
MWCNTs or AC) and the stock solutions of Cu(u) and NacCl
were added in polyethylene test tubes to achieve the desired
concentrations of different components. The desired pH
values (3.0-10.0) of the suspension in each tube were adjusted
by adding negligible amounts of 0.1 or 0.01 mol L™ NaOH or
HCI. Adsorption isotherms were run by taking different con-
centrations of Cu(u) at fixed temperature (303 K) and pH (5.0).
After the suspensions were shaken for 24 h to achieve adsorp-
tion equilibration, the solid phase was separated from the
solution by a 0.45 pm membrane filter. The concentration of
Cu(u) was determined by an Inductively Coupled Plasma-
Atomic Emission Spectrometer (ICP-AES, Perkin-Elmer). The
adsorption percentage of Cu(u) on carbonaceous materials was
calculated from the difference between the initial concen-
tration (C, (mol L™")) and the equilibrium one (C. (mol L))
(i.e., adsorption (%) = (Co — C.)/Cy X 100%, and Cy = (Cy — Ce)/
Madsorbent X V, Where Cg (mol g™') is the concentration of ions
adsorbed on per gram of solid, V (L) is the volume of the sus-
pension, and Mygsorbent (g) is the mass of the adsorbents).

3. Results and discussion
3.1 Characterization of GO, MWCNTs and AC

The morphology of carbonaceous materials was studied by
SEM. The results are shown in Fig. 1. It can be seen that

‘ 200 nm

Fig. 1 SEM images of GO (A), MWCNTSs (B) and AC (Q).
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Table 1  Physical properties of GO, MWCNTs and AC

Specific surface Pore volume Average pore

area (m”> g™") (em® g™ diameter (nm)
GO 148.34 0.091 2.44
MWCNTSs 93.59 0.58 24.85
AC 28.64 0.038 5.35

carbonaceous materials have very distinct morphological fea-
tures. GO has irregular edges, rough surface and lots of crum-
pling resulting from the scrolling of GO sheets. MWCNTs have
a smooth surface and cylindrical shapes 1-10 pm long and
10-30 nm outer diameter. Further, MWCNTSs are curved and
entangled with each other. AC has a very rough surface and an
irregular structure with cracks and crevices, confirming an
amorphous structure.

The textural characteristics of GO, MWCNT and AC were
characterized by N,-BET surface area analysis. Table 1 presents
the specific surface area, pore volume and average pore dia-
meter of GO, MWCNTSs and AC. The surface area is the main
factor determining the physical adsorption capacity. As shown
in Table 1, the surface area of GO is the highest, followed by
MWCNTSs, and then AC.

The major functional groups were commonly identified by
using FTIR spectroscopy. The FTIR spectra of GO, MWCNTSs
and AC are presented in Fig. 2. All FTIR spectra of carbo-
naceous materials exhibit the intense absorption band assigned
to O-H bond stretching, which is located at 3405 cm™! for GO,
3428 cm™* for MWCNTs and 3426 cm™* for AC.**'” The peak
at 1624-1625 cm™ " being attributed to the characteristic bands
of graphite structure (sp> hybridized C=C) is found in all
three carbonaceous materials, too.'®'® The appearance of the
peaks at 1744 cm™' as well as 1423 ecm™' for GO and
1737 cm™" as well as 1459 cm™' for MWCNTs is attributed to
the presence of C=0.""*° Addition peaks observed at
1246 cm™" and 1059 cm™" for GO are assigned to the presence

T T T T T T T T
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Fig. 2 FTIR spectrum curves of GO, MWCNTs and AC.
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of C-0-C and C-O, respectively.”’ According to the previous
reports,”>?* the carbonyl and carboxyl groups are located at
the edges of GO, while the hydroxyl and epoxy groups are dis-
tributed mostly on the basal planes of GO. New bands at
2923 cm ™, 2860 cm™" and 1392 cm ™' found for MWCNTSs are
assigned to asymmetric stretching of CH, groups, symmetric
stretching of CH, groups, and the disordered structure of
MWCNTs, respectively.>* Additional bands ranging from 1120
to 1049 cm™" for MWCNTs are due to the presence of C-O
bond.?® The peaks at 1448 cm™", 1034 cm™, and 799 cm™" as
well as 695 cm™" appeared in the FTIR spectrum of AC are
attributed to the ring mode of the aromatic ring,>” the stretch-
ing vibration mode of the C-H,>® and the out of plane bending
mode of the C-H or O-H groups,”” respectively. From the FTIR
spectrum analysis, it can be concluded that the spectra of car-
bonaceous materials present different peak distributions to
each other. But all carbonaceous materials have oxygen-
containing functional groups, which can provide chemical
adsorption sites for heavy metal ions.

3.2 Potentiometric acid-base titration

The surfaces of carbonaceous material can be considered to be
an amphoteric surface site with surface hydroxyl groups. It can
either be protonated to form a positively charged surface site
or deprotonated to form the negatively charged surface site.
Potentiometric titration provides a measure of the sequential
binding of the proton by the surface functional groups of car-
bonaceous materials.?® Herein, GO, MWCNTs and AC were
characterized by potentiometric titration using NaOH as the
titrant.

Fig. 3(A-D) show the Gran plots for the titration data of the
blank (H,0) sample, GO, MWCNTs and AC. The Gran function
(G) is expressed as:

at acidic side: G, = (Vo + Vo + V) x 10 PH x 100, (1)

at alkaline side: Gpo = (Vo 4 Var + V) x 10 1387PH) 5 100,
(2)

where G, and Gy, are the Gran functions at the acidic and alka-
line sides, respectively, V, (mL) is the initial solution volume,
Vae (ML) represents the total volume of HCI added before titra-
tion to achieve pH ~ 3, V}, (mL) represents the volume of
NaOH added at the different titration points. The hydroxide
ions added to the suspension of carbonaceous materials are
consumed by three steps reflected in the Gran plots: neutrali-
zation with excess H' (before V., ), interaction with the various
OH™ acceptors on the surface of carbonaceous materials
(between Vep; and Vep,), and adjustment of the pH of suspen-
sion (after Vp,,). The two equivalent points, Vi, and Ve, are
obtained from linear regression of the Gran plots as shown in
Fig. 3(A-D). In fact, before V1, the added OH™ reacts with the
excess of HCI initially added into the system, so V.,; can be
considered as the zero titration point of carbonaceous
material. It can be employed to calculate the amount of total
protons. The V,; and V., in the blank system are of almost

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Gran plots of blank (A), GO (B), MWCNTs (C) and AC (D) samples.
Table 2 Two equivalent points (Vep1 and Vep,) obtained from linear regression
of the Gran plots 0.0015
Veb
- 0.0000
Veb1 Vebz H; (mmOI g 1) —o—GO
i —o—MWCNTs
GO 1.88 4.41 1.24 = —+—AC
MWCNTSs 0.98 1.10 0.061 Eoonsd| + B0
AC 0.43 0.82 0.19 = =
o
=
-0.0030 =
the same level, resulting from the fact that there is no
buffering capacity in the blank system. However, a distinct
. . S -0.0045
difference between Ve, and Vep, is observed for the titrations H 2 3 4 s B 6 7 8 s 10 1
p

of carbonaceous materials (see Table 2), indicating that the
three carbonaceous materials have different buffering capacity.
The added titrant firstly reacts with extra acid in solution, then
reacts with the functional groups of carbonaceous materials,
and finally results in the increase in total pH.

The potentiometric titration data for the blank sample and
carbonaceous materials are shown in Fig. 4. TOTH, the total
concentration of protons consumed in the titration process,
can be calculated from the following equation:

—(Vb — Vep1)Ch
Vo+ Va +Vp

TOTH = (mol L™t ), (3)

where Cy, represents the concentration of NaOH. Fig. 4 shows
that achieving the same pH value, the amounts of OH™

This journal is © The Royal Society of Chemistry 2013

Fig. 4 TOTH curves of blank (H,0), GO, MWCNTs and AC samples as a function
of pH.

consumed decrease in the order of GO > AC > MWCNTs >
blank sample (H,0), which means that the buffer capacity of
GO is the highest, whereas that of MWCNTS is the lowest.

The total concentration of surface acidic groups per solid
weight (H;) calculated from the two equivalence points on the
Gran plot (Vep; and Vep,) is defined by the following formula:*°

(Veba = Veb1)Cp

Hg = o (mmol g™ 1). (4)

Dalton Trans., 2013, 42, 5266-5274 | 5269
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The results calculated from the titration curves are listed in
Table 2. The total concentration of surface functional groups
on GO is 1.24 mmol g, which is 6.53 times of those on AC
and 20.33 times of those on MWCNTs. GO has more func-
tional groups reacting with OH™, which can explain why the
buffer capacity of GO is much higher than those of AC and
MWCNTs.

Previous investigations reported that carbonaceous
materials bear acidic characteristic surface functional groups
such as carboxylic and phenolic groups.**** In the present
study, =XOH is used to represent strong acidic groups, while
=YOH is employed to represent weak acidic groups. Both pro-
tonation and deprotonation reactions on =XOH are con-
sidered, while only deprotonation reaction on =YOH is
assumed.®® Three reactions are used to account for the acid-
base chemistry of the carbonaceous materials:

=XOH + H" — =XOH," (5)
=XOH — =XO~ +H" (6)
=YOH — =YO™ + H" (7)

where =XOH,', =XOH and =XO~ represent positively
charged, neutral and negatively charged strong acidic group
sites on the surface of carbonaceous materials, respectively.
While =YOH and =YO™ represent neutral and negatively
charged weak acidic group sites on the surface of carbon-
aceous materials, respectively. Corresponding mass-action
expressions and their intrinsic acidity constants of reactions
(5)-(7) can be expressed as:

o [EXOH](ry

K= o (ar) ©
e [=XO7|[H  Jyn Fy

KM = =on ex (ﬁ) 9)
it _ [=YO |[H Jyn- Fy

KM = Wexp (ﬁ) (10)

Based on CCM fitting, the distributions of surface sites on
GO, AC and MWCNTs as a function of pH calculated from
titration curves with the aid of the FITEQL 4.0 code are shown
in Fig. 5. The relative coefficients are listed in Table 3. One can
see that the distributions of surface sites on GO, AC and
MWCNTs as a function of pH show a similar trend. That is the
=YOH is the dominant species on all carbonaceous materials
and its concentration decreases with increasing pH values,
whereas the concentrations of =XO™ and =YO™ increase with
increasing pH values. However, the total concentration of
surface acidic groups and the relative ratio of =XOH and
=YOH of GO, AC and MWCNTs are not the same as each
other, resulting in different acid-base chemistry of the carbo-
naceous materials and thus different adsorption properties
of the carbonaceous materials.

5270 | Dalton Trans., 2013, 42, 5266-5274
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Fig. 5 Surface site concentrations of GO (A), AC (B) and MWCNTs (C) as a func-
tion of pH simulated by CCM with the aid of FITEQL 4.0 code.

Table 3 log K values obtained by CCM3 with the aid of FITEQL 4.0

log K™

GO AC MWCNTSs
Acid-base reactions
=XOH + H" — =XOH," 3.10 3.41 2.48
=XOH — =XO~ + H" —-4.92 —5.30 —5.60
=YOH — =YO~ + H" —-7.63 —8.95 —9.82
Surface complexation reactions
=XOH + Cu”" - =XOHCu*" 2.80 0.82
=XOH + Cu*" - =XxOocCu' + H' —-1.88 —2.06
=YOH + Cu®>" - =YOCu" + H" -3.73 —2.77 —4.00
2=YOH + Cu** — =(Y0),Cu + 2H" -5.07 —6.56 —-5.21

3.3 Adsorption studies

The adsorption of aqueous metal species on carbonaceous
material is affected by surface charge of adsorbent and specia-
tion of metal ions in solution, which leads to a dependence of
the amount adsorbed on the point of zero charge (pHpyc) of
adsorbent and experimental conditions. The adsorption
studies of Cu(u) on carbonaceous materials were performed by
investigating the effect of pH and Cu(u) concentration.

3.3.1 pH effect. The pH of the solution influences the
surface chemical properties of adsorbent and the solution
chemistry of the adsorbate in the aqueous solution.** At the
low acidic pH medium, the functional groups on the adsor-
bent surface are protonated to form the positive surface
charge, while free metal ions are present in solution. The elec-
trostatic repulsion between the positively charged adsorbent
surface and the free metal ions as well as the competition
between H' and free metal ions for the limited active surface
sites leads to a low adsorption percentage. At alkaline pH
medium, the functional groups on the adsorbent surface are
deprotonated to form the negative surface charge, while part
of the metal ions may form precipitates as their hydroxides.
The electrostatic attraction, inner-sphere surface complexation
and surface precipitation increase the adsorption

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 pH dependent adsorption of Cu(i) on GO, MWCNTs and AC. Cicuqinitial
=236x10"*mol L™',/=0.01 mol L™" NaCl, T = 303 K.

performance. Thereby, the adsorption of metal ions on solid
particles may alter at various pH values.

Fig. 6 presents the adsorption of Cu(u) ions on GO,
MWCNTs and AC as a function of pH. The adsorption percen-
tages of Cu(u), at a given initial Cu(u) concentration (C, =
2.36 x 107 mol L"), on all investigated carbonaceous adsor-
bents increase as pH increases, which is consistent with pre-
vious reports with respect to heavy metal ion adsorption to
various carbonaceous adsorbents such as GO,” AC,*® and
CNTs.>® The affinity of Cu(n) ions towards the carbonaceous
materials is: GO > AC > CNTs. More than 75% of Cu(u) ions are
removed from aqueous solution onto GO at pH 5.5, while only
36% of Cu(u) ions are removed from solution onto AC at the
similar pH value.

pHpzc controls the Coulomb interactions between the
surface of carbonaceous materials and the aqueous metal
ions, the stability of colloidal suspensions, and thereby the
metal ion uptake.*® The pHpzc of carbonaceous materials

View Article Online

depends on surface acidic functional groups.’”*® The higher
concentration of surface acidic functional groups, the lower
PHpzc value of carbonaceous materials. Based on our results
of potentiometric acid-base titrations, it can be deduced that
the pHpyc values of carbonaceous materials decrease in the
order of pHp;c(GO) < pHpzc(AC) < pHpzc(MWCNTs). This is in
agreement with a previous report, which suggested that a
much lower value of pHpzc of carbonaceous materials is
directly associated to the greater amount of surface acidic
functional groups.®® The carbonaceous surface is positively
charged at pH values below the pHp,c and negatively charged
at pH values above the pHpzc."® The low pHpyc is conducive to
the retention of Cu(u) ions. GO has the lowest pHpzc and the
maximum efficiency in Cu(u) decontamination.

The solubility product constant of Cu(OH)y) is 4.8 x 10727,
and the precipitation curve of Cu(u) at the concentration of
2.36 x 107" mol L™" is also shown in Fig. 6. It is clear that
Cu(n) ions begin to form precipitation at pH 5.95 if no Cu(u) is
adsorbed. In the presence of carbonaceous materials, more
than 60% Cu(u) are adsorbed at pH 5.95. In theory, the adsorp-
tion of Cu(u) on carbonaceous materials at pH < 5.95 is not
due to the surface precipitation of Cu(OH),). While, copper
hydroxide precipitates are formed under alkaline conditions
(pH > 7.0). Meanwhile, the surfaces of the three carbonaceous
adsorbents are negatively charged at pH > 7.0, and the adsorp-
tion of positively charged Cu(n) species (Cu** and Cu(OH)")
becomes more favorable. Thereby, Cu(u) can be almost comple-
tely removed by the three carbonaceous adsorbents due to the
simultaneous precipitation of Cu(OH),” and the adsorption of
Cu** and Cu(OH)" at pH 7.0-10.0. In order to eliminate the
influence of precipitation on Cu(u) uptake from solution, the
adsorption isotherms of Cu(u) on the three carbonaceous
adsorbents are investigated at pH 5.0.

At pH < 5.95, Cu(u) adsorption data are fitted using the
CCM with the aid of FITEQL 4.0 software (Fig. 7). According to

B C
(A) (B) ©) XOHCuz+
30 - - N
—o—XOCu
—— (YO0),Cu
60 - - 4 ——YOCu "
:; —CCM
= *  Exp. data
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I
5 40 - -
_'OJ)
<
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Fig. 7 Surface complex speciation repartition diagram of Cu(i) adsorption on GO (0.1 g L™', A), AC (0.6 g L', B) and MWCNTs (0.6 g L™', C) as a function of pH
(pH < 5.95). Point: experimental data; solid line: CCM simulation. Ccuqyinitial = 2.36 x 10~ mol L™", /= 0.01 mol L™" NacCl, T = 303 K.
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the analysis of the distribution of aqueous Cu(n) species
reported by Wu and coworkers,"" at pH < 5.95, only Cu*
species is considered in developing the set of surface reactions
between Cu(u) and carbonaceous materials. At the same time,
considering the distribution of surface complex sites on car-
bonaceous materials, =XOH, =XO~ and =YOH exist on car-
bonaceous material surfaces at pH < 5.95. Possible reactions
for Cu(u) retention on carbonaceous materials are:

=XOH + Cu®>t — =XOHCu>* (11)
=XOH + Cu*" — =XocCu' + H*t (12)
=YOH + Cu>* — =YOCu* + H* (13)

2=YOH + Cu?" — =(YO),Cu + 2H" (14)

The experimental data, fit curves and surface species distri-
butions of Cu(u) adsorbed on carbonaceous materials are
shown in Fig. 7. The optimized constants are listed in Table 3.
As can be seen from Fig. 7, the adsorption of Cu(i) on GO can
occur at pH = 3.0, and =XOHCu**, =XOCu" and =(YO),Cu
complexes are the main species. =XOHCu?*" is the dominant
surface species at low pH values. It increases with increasing
pH values, reaches the maximum and then decreases. While
=XOCu' and =(Y0),Cu increase with increasing pH values,
and the latter becomes the dominant surface species with
further increasing pH values. The adsorption of Cu(u) on AC
occurs at pH > 4.0, and =XOCu"' and =YOCu' complexes are
the main species. Both of them increase with increasing pH
values. The adsorption of Cu(u) on MWCNTs occurs at
pH > 5.0, and =YOCu" and =(YO),Cu complexes are the main
species. As discussed above, GO has a stronger multisite
adsorption behavior than AC and MWCNTSs, which results in a
wider adsorption vs. pH profile (Fig. 6).*> The high abundance
of =YOH surface site relative to =XOH on MWCNTs (Fig. 5)
explains the predominant role of =YOCu" and =(YO),Cu in
the pH range of 5.0-5.9.

3.3.2 Adsorption isotherms. The partitioning of Cu(u)
between the aqueous phase and the three carbonaceous adsor-
bents at pH 5.0 as a function of Cu(u) concentrations is shown
in Fig. 8. GO presents the highest adsorption capacity,
followed by AC and MWCNTSs. For interpretation of the adsorp-
tion data, the Langmuir*® and Freundlich** isotherm models
are used.

The Langmuir isotherm is present as:

K..Ce

Cs=0C i — 15
s Smaxl“l‘KLCe ( )

The Freundlich equation is given as:

Cs = KpC"

e

(16)

where Cgpay is the maximum amount of Cu(u) per unit weight
of carbonaceous adsorbents to form a complete monolayer
coverage on the surface, and K;, is the Langmuir constant. Kg
and n are Freundlich constants.
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Fig. 8 Adsorption isotherms of Cu(i) on GO, MWCNTs and AC. pH = 5.0,
/=0.01 mol L™" NaCl, T = 303 K. Symbols denote experimental data, solid lines
represent the model fitting of Langmuir equation, and dash lines represent the
model fitting of Freundlich equation.

Table 4 Parameters for the calculation using Langmuir and Freundlich models

Model Parameter GO MWCNTs AC

Langmuir  Cgmayx (Mol g™)  1.18x107° 3.19x107° 2.31x10~*

isotherm fit K, (L mol™") 3.62x10"  9.54x10° 7.59 x 10°
R 0.967 0.992 0.989
Freundlich N 0.27 0.42 0.49
isotherm fit Kz (mol'™L"g™") 0.0099 6.92 0.0085
R 0.962 0.939 0.968

The Langmuir and Freundlich isotherm parameters deter-
mined from adsorption isotherms of Cu(u) on the three car-
bonaceous adsorbents at pH 5.0 are listed in Table 4. From the
correlation coefficients, one can see that the Langmuir model
fits the experimental data better than the Freundlich model.
According to the Langmuir model simulation, the maximum
adsorption capacities (Csmax) of Cu(i) are 1.18 x 10~ mol g~*
for GO, 3.19 x 107> mol g~* for MWCNTS, and 2.31 x 10~* mol
g~ ! for AC. It can be seen that GO has the better performance
in copper decontamination than AC and MWCNTs.

3.4 Relationship between Cgp,,.x and Hy

Even though the surface area of AC is less than that of
MWCNTs, the adsorption capacity of AC is larger than that of
MWCNTSs, which could be explained by the fact that the AC
possesses greater surface total acidities than the MWCNTSs as
shown in Table 2. It is further supported in Fig. 9(A) and 9(B),
which show that Cg,a is linearly dependent on Hj (the related
coefficient is 0.992) and that Cgpax of carbonaceous materials
increases with increasing Hg normalized by the BET surface
area, respectively. One can see that Cu(u) adsorption on car-
bonaceous adsorbents is dependent on the total concentration
of surface acidic groups on the carbonaceous adsorbents
rather than the available total surface area. This result is con-
sistent with previous studies of Ni*" retention on CNTs and
granular AC.? Similar findings have also been reported in the

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 (A) Relationship between Cax and Hg; and (B) relationship between Ciax and Hs normalized by the BET surface area.

literature for the adsorption of Zn(i) onto AC** and for the
adsorption of Pb(u) onto acidified MWCNTs.*®

The reasons for the adsorption of different amounts of
Cu(u) ions on carbonaceous materials may include the follow-
ing: (1) Cu(u) speciation in solution, (2) surface heterogeneity,
(3) accessibility of species to the porous structure, and (4)
adsorbate-adsorbent interactions.” Our study shows that
speciation in solution and adsorbate-adsorbent interaction are
the major factors controlling the adsorption of Cu(u) on car-
bonaceous materials across all the pH values, while adsorbate-
adsorbent interaction is the major factor at acidic pH. This is
in agreement with Xiao and Thomas’ report,"”” where the
adsorption of metal ions on a series of carbons was found to
be related to the type and concentration of surface functional
groups rather than differences in the porous structure. Based
on our results of CCM fitting, the adsorption of Cu®>" on acidic
functional group sites of carbonaceous materials mainly
involves three species of =XOHCu>*, =XOCu* and =YOCu"
for GO, two species of =XOCu" and =YOCu" for AC, and two
species of =YOCu" and =(YO),Cu for MWCNTs at pH < 5.95.

4. Conclusions

Adsorption behaviors of Cu(u) onto three carbonaceous
materials (GO, MWCNTs and AC) differing in surface area and
the total concentration of acidic groups were compared. Under
acidic conditions, the GO has the highest adsorption
efficiency, followed by AC, and then MWCNTSs, suggesting that
GO is a promising material for the removal of Cu(u) ions from
aqueous solutions in acidic wastewater treatment. Based on
the results of CCM fitting, the species of Cu(u) present as
=XOHCu?*", =X0OCu" and =YOCu" on GO, as =XOCu" and
=YOCu' on AC, and as =YOCu" and =(YO),Cu on MWCNTs

This journal is © The Royal Society of Chemistry 2013

at pH < 5.95. The maximum adsorption capacities are 1.18 x
10~ mol g~' for GO, 2.31 x 10~* mol g~* for AC and 3.19 x
107> mol g~ for MWCNTSs, which are linearly dependent on
the total concentration of surface acidic groups. This impor-
tant observation may have an implication in predicting adsorp-
tion capacities of other carbonaceous adsorbents.
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