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Multi-wall carbon nanotubes (MWCNTs) was functionalized with 6-arm amino
polyethylene glycol (PEG), and synthesized PEG-MWCNTs was used as adsorbent in
order to study adsorption characteristics with respect to Cd(II), Pb(II) and As(V) ions. In
batch tests, the influence of contact time, initial metal ion concentration and temperature
on the ion adsorption on PEG-MWCNTs was studied. Adsorption of Cd(II), Pb(II) and
As(V) on PEG-MWCNTs strongly depends on pH. Time dependent adsorption can be
described by intra-particular Weber-Morris kinetic model, and adsorption process was
modelled by Koble-Corrigan isotherm, respectively. The maximum adsorption capacities
of Cd(II), Pb(II) and As(V) on PEG-MWCNTs, for initial concentration of 10 mg dm−3
and at pH=4, were 77.6, 47.5 and 13 mg g−1 at 25°C, respectively. The competitive
adsorption studies showed that the adsorption affinity of ions towards PEG-MWCNTs
showed largest adsorption of Cd(II) at pH 8, following by Pb(II) at pH 6, and As(V) at pH
4. Thermodynamic parameters showed that the adsorption of Cd(II), Pb(II) and As(V) ions
was spontaneous and endothermic.
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1. Introduction
Human activities introduce heavy metals and arsenic to the hydrosphere in many ways
such as burning of fossil fuels, smelting of ores, municipal sewage, industrial effluent, mining
activities, landfill, mineral weathering, underground toxic waste disposal, etc. [1] and [2]. These
contaminants, regardless of their sources, are easily dispersed into the aquatic system, and tend to
accumulate in living organisms, resulting in various disorders and diseases in the ecosystem [3].
Carbon nanotubes (CNTs), developed in the 1990s, possess potential for the removal of
many kinds of pollutants from water because of their ability to establish electrostatic interactions
and their large surface areas, CNTs have attracted great attention in analytical chemistry and
environmental protection. CNTs have shown exceptional adsorption capabilities and high
adsorption efficiencies for various organic and inorganic pollutants [4-6].
Modification of the surface morphology plays an important role in enhancing the sorption
capacity of CNTs. Due to their high reactivity with many chemical species, it has been suggested
that amino groups together with oxygen groups could serve as coordination and electrostatic
interaction sites for transition metal sorption [7-10].
In this study, the possibility of the use of PEG-functionalized multi-walled carbon
nanotubes (PEG-MWCNTs) as a sorbent for the removal of Cd(II), Pb(II) and As(V) ions from
aqueous solutions was examined.
___________________________________
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2. Experrimental approach
a
2.1. Materrials
All chemiccals and MW
WCNTs were obtained fro
om Sigma-Alldrich. MWC
CNTs preparred by a
chemiccal vapour deposition
d
(C
CVD) methodd were used as received without
w
puriffication. Thee purity
of MW
WCNTs wass more than 95% and tthe outer an
nd inner diam
meters weree 20–30, 5–10 nm,
respecttively, and thhe length bettween 5 and 200 μm. Alll other reageents such as ddimethylform
mamide
(DMF)), conc. H2SO
S 4 (98%) p.a.,
p
conc. HN
HNO3 (65%) p.a., and meethanol weree used as reeceived.
Millipoore deionised (DI) waterr (18 MΩ cm
m resistivity)) was used fo
or sample waashing and solution
s
-1
preparration. PEG--6-arm amin
no polyethyleene glycol (PEG-NH
(
Sunbio,
2, Mr ≈15000 g mol ) (S
South Korea) was used. Analy
ytical-grade sstandards: caadmium nitraate (Baker), llead nitrate (Baker)
(
and N
Na2HAsO4·7H
H2O (Sigma--Aldrich) weere employeed to prepare a stock soolutions con
ntaining
1000 m
mg dm−3, whhich was furth
her diluted w
with DI waterr to the requiired ionic con
oncentrations for the
adsorpption experim
ments.
2.2. Prepaaration of PE
EG-MWCN
NTs
Modificatiion of thee raw maaterial was conducted via
functioonalization with
w SOCl2 [4
4], and amin ation with PE
EG-NH2 (Fig
g. 1).

oxiddation,

subssequent

Fig. 1.
1 Reaction pa
athways appliied to obtain PEG-MWCNT
P
Ts (a), and struucture
of PEG-6-aarm modificatiion agent (b).

The raw-M
MWCNTs weere first treatted with a (v
v/v 3:1) mixtture of conceentrated H2SO
S 4 and
C in an ultraasonic bath to introduce oxygen
HNO3. This mixtuure was then sonicated foor 3 h at 40°C
groupss onto the MWCNT
M
surrface 11. O
Oxidation with
w sulphuric acid and nnitric acid mixture
m
showed better perrformance th
han ones oxiidized with KMnO4 or H2O2 [11,122]. After coo
oling to
d MWCNTs (o-MWCNT
Ts) were addeed slowly to 300 cm3 of cold
c
DI
room ttemperature, the oxidized
water and vacuum
m-filtered thro
ough a 0.05 µm pore size PTFE meembrane filteer. The filtraate was
washedd with DI water until thee pH was neuutral. The saample was drried in a vaccuum oven at 80 °C
for 8 hh. The oxidizzed nanotubees (90 mg) w
were dispersed in anhydro
ous DMF (1 cm3) in a ap
pparatus
3
protectted from thee moisture. Thionyl chlloride (20 cm
m , Fluka) was
w added, tthe dispersio
on was
sonicatted for 15 minutes,
m
transsferred on a m
magnetic stirrrer and heatted at 50 °C for 3 h, and
d finally
the disspersion wass heated at 70
7 °C for 244 h. Obtained
d product was vacuum ffiltered with excess
anhydrrous tetrahydrofuran (THF) (Baker)) using a 0.05 μm pore size PTFE
E membranee filter.
Obtainned MWCNT
T-COCl was dried in a vaacuum oven at 60 °C for 3 h.
PEG-NH2 (1.2 g) was dispersed iin anhydrouss DMF (40 cm3) in a vvials flushed with a
nitrogeen and proteected againsst moisture. MWCNT-C
COCl (50 mg)
m was addded into a reaction
r
mixturre, and heateed at 35 °C, under magnnetic stirring
g, for 72 h. Obtained prroduct was vacuum
v
filteredd, dispersed in a 5% NaH
HCO3 by soonication, and
d resulting dispersion
d
waas centrifugeed (two
times rrepeated). Affter removal of supernataant, precipitaate was dispeersed in DI w
water by sonication,
and filltered using a 0.05 μm pore
p
size PT
TFE membraane filter. Ex
xtensive washhing with DI water
and m
methanol, folllowing by drying in a vvacuum oven
n at 60 °C for
fo 3 h gave a PEG-MW
WCNTs.
Dried PEG-MWCN
NTs showed
d significant ppolymerizatiion degree so
o it had to bee ground forr its use
in a addsorption expperiments.
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2.3. Adsorption experiments
Cd(II), Pb(II) and As(V) adsorption capacities of PEG-MWCNTs was determined in a
batch reactors. Batch sorption experiments were performed using 100 cm3 vial with addition of 10
mg PEG-MWCNTs and 100 cm3 (m/V=100 mg dm-3) of Cd(II), Pb(II), As(V) solution of initial
concentrations (C0) 0.1, 0.5, 1, 2, 5 and 10 mg dm−3. The bottles were placed in an ultrasonic bath.
In order to evaluate the effect of pH on adsorption, the initial pH values of the solutions were set at
4.0, 5.0, 6.0, 7.0 and 8.0 by adjustment with 0.01 and 0.1 mol dm−3 NaOH, and 0.01 and 0.1 mol
dm−3 HNO3, at 25 ºC. The optimal pH was found to be 8 for Cd2+, 6 for Pb2+ and 4 for As(V), and
these pH was used throughout all the adsorption experiments. Time-dependent sorbate
concentration changes were examined in the range 1–240 minutes, and it was found that the
optimal time (60 min) was sufficient to achieve equilibration of the system. The mixtures of PEGMWCNTs and ionic solutions, after sonication was filtered through a 0.2 μm PTFE membrane
filter, acidified and analyzed.
2.4. Adsorbent characterization
Fourier-transform infrared (FTIR) spectra were recorded in transmission mode using a
BOMEM (Hartmann&Braun) spectrometer. FTIR spectra were recorded before and after
adsorption at initial sorbate concentrations of 10 mg dm-3. Samples for FTIR determination were
ground with spectral grade KBr in an agate mortar. All FTIR measurements were carried out at
room temperature.
JEOL JSM-6390LV scanning electron microscope. Sputtering (with gold) has been
performed on BALTEC SCD 005 sputter coater.
Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600
from 20 to 800 °C at a heating rate of 20 °C min−1 and a air (200 mL min−1). Elemental analyses
were performed using a VARIO EL III Elemental analyser.
The BET specific surface area, pore specific volume and pore diameter were measured by
nitrogen adsorption/desorption at 77.4 K using a Micromeritics ASAP 2020MP gas sorption
analyzer. The pH values at the point of zero charge (pHPZC) of the samples were measured using
the pH drift method [9]. The zeta potential measurements of the PEG-MWCNTs samples were
performed using a Zeta-sizer Nano-ZS equipped with a 633 nm He-Ne laser (Malvern). The
coordination number (CN) can be obtained from the relationship between the concentration of
amine groups (DAKaiser – degree of amination obtained by Kaiser test), and maximum adsorption
capacity. Coordination number refers to the number of ligand atoms surrounding the central atom
[12].
Cd(II), Pb(II) and As(V) were analyzed by the inductively coupled plasma mass
spectrometry (ICP-MS) according to the literature method using an Agilent 7500ce ICP-MS
system (Waldbronn, Germany) equipped with an octopole collision/reaction cell, Agilent 7500
ICP-MS ChemStation software, a MicroMist nebulizer and a Peltier cooled (2 °C) quartz Scotttype double pass spray chamber. Standard optimization procedures and criteria specified in the
manufacturer’s manual were followed.
3. Results and discussion
3.1. PEG-MWCNTs characterization
The FTIR spectra of PEG-MWCNTs, PEG-MWCNTs/Cd(II), PEG-MWCNTs/Pb(II) and
PEG-MWCNTs/As(V) are given in Fig. 2. An analysis of FTIR spectra of PEG-MWCNTs shows
presence of a weak band at ≈1640 cm-1 assigned to stretching of the carbonyl (C=O) overlapping
with OH bending vibration. In addition, the bands at ≈1480 and 1150 cm-1, correspond to N–H inplane and C–N bond stretching vibration, respectively. The broad peaks at 3300–3600 cm-1 were
due to the NH2 stretch of the amine group overlapped with OH stretching vibration. A band at
≈800 cm-1 was attributed to the out-of-plane NH2 bending vibration mode [7]. The most intensive
peak, after functionalization of MWCNTs with PEG-NH2, appear at ≈1100 cm-1 corresponding to
C–O–C stretching vibration from PEG moieties which indicate surface functionality change [8].
Adsorption capabilities of PEG-MWCNTs surface functional groups, as potential binding
sites for divalent cations [9,12], depend on the adsorption condition, primarily on solution pH.
Divalent cations may form complexes with amino and residual carboxylic and phenolic groups,
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more favourable interaction could be expected with former at pH higher than 6 (pKa 3–6), as
ionized form could play significant role in uptake of divalent cations. Adsorption capabilities of
PEG-MWCNTs with respect to As(V) is higher at lower pH, found pH 4, due to protonation of
amino group and more favourable electrostatic interaction with arsenate anion. Characteristics
bands of PEG-MWCNTs are slightly shifted, their intensities changed or disappeared after
sorption experiments, and this properties depends on sorbate concentrations [9,12].
Bands structure in a spectrum of PEG-MWCNTs treated with Cd and Pb are similar. It
could be observed peak shift from ≈1642 cm−1 to 1630 cm−1 for Cd(II), and 1638 cm−1 with Pb(II)
indicting influence of cation size and charge density on extent of peak shifting. Peak observed at
≈1383 cm−1 is significantly increased, assigned to overlapped stretching vibration of SO2 and
symmetric of COO-, which reflects to the bond strength increase of these groups after cation
adsorption. Also, from Figs. 2 a and b it could be observed that peak at ≈1088 cm−1 has shifted and
significantly increased. Small intensity increase and shifting are also noted for a peaks at ≈818 and
≈812 cm−1 for Cd and Pb, respectively 9,11. Broad band at ≈3429 cm-1 (Fig. 2 a and b), ascribed
to OH and NH2 stretching vibrations, asymmetric and symmetric, is significantly affected by
adsorbed divalent cations. New peaks observed in a spectrum of PEG-MWCNTs/Cd(II), appear as
a splitting of the band at ≈3429 cm−1 giving a slightly resolved peaks at ≈3370 cm-1, ≈3529 cm-1
and ≈3631 cm-1. For a lead newly emerged peaks are at ≈3432 cm-1 and ≈3450 cm-1. This indicates
changes of stretching vibrations of amino and hydroxyl groups due to cadmium and lead ions
interaction with electron densities at those groups.

Fig. 2. FTIR spectrum of PEG-MWCNTs, and after treatment in an aqueous solutions
(m/V=100 mg dm-3, T=25 oC) of (a) Cd(II) (C[Cd2+]0=10 mg dm-3) at pH 8, (b) Pb(II)
(C[Pb2+]0=10 mg dm-3) at pH 6, and (c) As(V) (C[As(V)]0=10 mg dm-3) at pH 4.

Analysis of the spectra before and after As(V) adsorption at PEG-MWCNTs could be
noted a substantial changes of the stretching vibration frequency of the uncomplexed/unprotonated
arsenate anion reflected as a more intense peak at ≈860 cm-1 15, while the frequency of the
bonded arsenate has emerged at ≈712 cm-1 13, 14. Broad band at ≈3429 cm-1 (Fig. 2c), ascribed
to OH and NH2 stretching vibrations, asymmetric and symmetric, is not significantly affected by
adsorbed arsenic. As a consequence of the amino group protonation, and probably due to
interaction with arsenic species, new bands at ≈3050 cm-1, ≈2020 cm-1 and 1450 cm-1 appeared,
indicating that stretching and bending vibrations of ammonium group are influenced by arsenic
adsorption.
SEM images show that untreated MWCNTs (Fig 3a) form large aggregates with medium
diameter around 5µm due to Van der Waals interactions, while o-MWCNTs (Fig 3b) are not
agglomerated because functionalities are mutually repelled by electrostatic forces. Figure 3c and d
show that PEG-MWCNTs have polymerized beehive like structure.
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Fig. 3. Comparativee overview of SEM
S
images: (a) raw-MWC
CNTs [7], (b) o-MWCNTs [[7], (c) and (d
d) PEGMWCNTs.

BET sspecific surfaace area and
d porosity off raw, o-, e- and PEG-M
MWCNTs, ass well as pHPZC
and
P
zeta pootential are given
g
in Tablle 1.
Table 1. BET specificc surface areaa and porosityy of raw, o-, e-- and PEG-MW
WCNTs .

Adsoorbent
raw-M
MWCNT

Specific
surface
area
(m2 g-1)
187.6

Average
pore
volume
(cm3 g-1)
0.755

Averagee
pore
diameterr
(nm)
16.09

pHPZC

Zeta
potential (m
mV)

Reef.

4.98

-13.7 (pH
H
[9
9]
5.30)
o-MW
WCNT
78.5
0.328
16.72
2.43
-50.0 (pH
H
[9
9]
3.98)
e-MW
WCNT
101.2
0.538
21.25
5.91
-26.9 (pH
H
[9
9]
6.60)
PEG22.5
0.226
17.40
5.64
-28.4 (pH
H
Th
his
MWCN
NTs
6.50)
study
Results of ellemental anaalysis, DAKaisser and CN vaalues of raw--, o-, e- and PPEG-MWCN
NTs are
given iin Table 2.
Table 2. Elemental
E
ana
alysis, DAKaiserr and CN valuees of raw-, o-, e- and PEG--MWCNTs.

Samplee
raw-MWCN
NT
o-MWCNT
T
e-MWCNT
T
PEG-MWC
CNTs

C (%
%) H (%)
97.46
82.13
80.08
78.22

0.32
1.18
1.76
1.98

N (%) S (%
%)
0
0.49
4.08
5.64

0
0.6
64
0.5
58
0.1
12

DA
AKaiser
Ref.
CN
N
(mmol g–1)
[9]
[9]
3.366
0.65
[9]
3.25
4.722 This stud
dy

Fig. 4 displays TG
GA weight-lo
oss curves obbtained upon
n heating o- and PEG-M
MWCNTs, and gives
some iinformation related
r
to theermal stabilitty of function
nalities preseent on MWC
CNTs surfacee.
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Fig. 4. TGA curves of o- and PEG-MWCNTs.

Peak degradation temperature of o-CNT occurs at 700 °C, and PEG-MWCNTs at 696 °C
indicating that amino functionalities are of lower stability (significant loos in the region 300-600
°C), and they could participate in some thermal reactions at temperature >600 °C. Based on the
TGA results of PEG-MWCNTs it provides an estimation of 40 wt% attached PEG-NH2.
3.2. Adsorption kinetics
In order to investigate the kinetics of adsorption of Cd, Pb and As, adsorption kinetic
models (pseudo-first order or Lagergren model, pseudo-second order or Ho-McKay model,
Roginsky-Zeldovich-Elovich equation and second-order rate equation), and adsorption diffusion
models (liquid film linear driving force rate equation, liquid film diffusion mass transfer rate
equation, homogeneous solid diffusion model, parabolic or Weber-Morris model, DunwaldWagner model and double exponential model) were used 16.
Non-linear regression of experimental data, using Origin 8.0, showed that the best fitting
kinetic model is parabolic or Weber-Morris model giving the highest values of correlation
coefficients than the other investigated models (Fig. 5). Therefore, this model could be used for the
description of the adsorption kinetic of Cd, Pb and As on the PEG-MWCNTs. Weber-Morris
found that in many adsorption cases, solute uptake varies proportionally with t1/2 rather than with
the contact time t 17, according to the equation:
qt = kp • t0.5 + C

(1)

where kint (g mg-1 min-0.5) is the intra-particle diffusion rate constant and C is parameter with value
other than zero when intra-particle diffusion is not sole rate controlling step and when the film
diffusion is simultaneously involved 16.
The curves of Cd(II), Pb(II) and As(V) adsorption exhibited two distinct phases. The first
phase (initial steep slope) indicates the instantaneous adsorption of the ions for approximately 30
min. At 30 min., the removal of Cd, Pb and As ions were reached 93.8%, 75.6% and 74.5%,
respectively, with the increase in ion uptake less than 0.1% per minute after that period, and
equilibrated at 97% for Cd, 78% for Pb, and 76% for As. The steep slope may be attributed to the
diffusion of the ions from the aqueous phase to the outer-surface of the PEG-MWCNTs. The
initial adsorption has reached equilibrium gradually, exhibiting a classical physisorption process.
The second phase exhibits a gradual attainment of equilibrium due to the intra-particle diffusion
and low porosity of PEG-MWCNTs (Table 1).
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Fig. 5. Kineetic plot of exp
perimental daata and calculated parameteers of the firstt and second
phase for the Weber-Mo
orris intra-parrticle model for
fo Cd(II), Pb((II), As(V) adssorption on
P
PEG-MWCNT
Ts.

3.4. Adsorrption isotheerms
Many adsoorption isoth
herm models were used in
i order to describe adsoorption proceess, and
n parameterss according to:
t Langmuiir, Freundlicch, Sips, Jov
vanovic,
to calcculate variouus adsorption
Jovanoovic-Freundllich, Dubiniin–Radushkeevich, Dubiinin-Astakho
ov, Radke-PPrausnitz, RedlichR
Petersoon, Temkin, Koble-Corriigan (K-C) aand Fritz-Sch
hlünder isoth
herm. It was found that the
t best
fitting data were obbtained using
g Koble-Corr
rrigan and Freundlich isottherms (Figss. 6 and 7).
Koble––Corrigan issotherm [18] is a three-pparameter eq
quation, whicch incorporaated both Laangmuir
and F
Freundlich isotherm models
m
for representing
g the equiilibrium addsorption daata for
heteroggeneous adsoorption surfaaces.

aC
a en
qe 
1  bCen

(2)

The isotheerm constants, a, b and n are calculaated from thee nonlinear rregression fittting of
experim
mental data. Freundlich isotherm
i
[199] is widely applied
a
in heeterogeneouss systems esp
pecially
for orgganic compouunds or high
hly interactivee species on activated carbon and moolecular sievees.

q e  k f C e n , and lineaarized form log
l q e  logg k f  n log C e (3)
The slopee ranges bettween 0 andd 1 is a measure
m
of adsorption
a
inntensity or surface
heteroggeneity, beccoming moree heterogeneeous as its value
v
gets clo
oser to zeroo. Whereas, a value
below unity implies chemisorp
ptions proceess, while n above one is an indicattion of coop
perative
adsorpption [20]. Laangmuir mod
del is used ffor calculatio
on thermodyn
namic param
meters of adssorption
processs.
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Fig. 6. Freundlich
F
adssorption isotheerms of Cd(II)
I) at pH 8 (a), Pb(II) at pH 6 (b), and
As(V) at pH
H 4 (c) on thee PEG-MWCN
NTs at 25, 35 and
a 45 °C. (C
C0 = 0.10, 0.200, 0.50, 1.0,
2.0, 5.0, and 10.00 mg dm-3, m/V
V = 100 mg dm
m-3).

Fig. 7. (aa) Koble-Corrrigan isotherm
ms for adsorption of Cd(II) and
a Pb(II) at ppH 6, and
As(V) at pH
p 4 on the PE
EG-MWCNTss at 25 °C. (C0 = 0.10, 0.20
0, 0.50, 1.0, 2.00, 5.0, and
Pb(II) and
10.0 mg dm
d -3, m/V = 10
00 mg dm-3), ((b) Effect of pH
H on adsorptiion of Cd(II), P
As(V)) on the PEG-MWCNTs (C0 = 5 mg dm-3, m/V = 100 mg
m dm-3, T = 225 oC).

The resultss of experimental data fittting to Koblle-Corrigan and
a Freundliich isothermss, using
nonlinnear method, are given in Table 3.
Taable 3. Adsorpption isotherm
ms parameters ffor Cd(II), Pb
b(II) and As(V
V) removal on PEG-MWCN
NTs.

Isottherm

25°C

Cd
d(II)
35°C
3

45°°C

25°C

Pb(II)
35°C

45°C

25°C

As(V)
35°C

45°C

Koble-Corrigan
a ((dm
m3 mg-1)n)
19.07
40.58
4
40.996 44.58 47.31 49..56 0.8543 0.9894
3.568
b ((dm
m3 mg-1)n)
-0.478
-0
0.112 -0.3 03 0.829 0.855 0.7
787 -0.818 -0.815 -0.478
n
0.399
0.584
0
0.5001 1.362 1.344 1.185 0.056
0.059
0.162
R2
0.999
0.996
0
0.9993 0.996 0.994 0.9
998 0.977
0.989
0.987
Freuundlich
KF
((mg g-1) (dm3
40.44
46.49
4
60.992 20.31 21.21 23..25 5.371
6.033
7.289
mgg-1)1/n)
n
1.288
1.523
1
1.4998 1.842 1.857 1.8
827 2.784
2.523
2.960
R2
0.990
0.996
0
0.9994 0.956 0.955 0.9
965 0.921
0.938
0.974
Resultts suggest thaat adsorption
n of Cd(II), P
Pb(II), As(V)) on PEG-MWCNTs is bbest modelled using
Koble--Corrigan isootherm. The maximum aadsorption of investigateed ions obtaiined experim
mentally
was giiven in Tablee 4.
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Values of n > 1 indicate that adsorption processes slightly decreased at lower sorbate
concentration, and also indicates on presence of different active centres where the highest energies
ones is of higher activity, e.g. participate in a initial adsorption step. Also, values higher than 1
indicates that cooperative mechanism, i.e. physisorption and chemisorption, are operative having
different contribution at different phase of system equilibration.

Table 4. Experimental values of Cd(II), Pb(II) and As(V) uptake on PEG-MWCNTs at 25°C.

Cd(II), pH 8
Pb(II), pH 6
As(V), pH 4
Initial
concentration
qe
%
qe
%
qe
%
(mg dm-3)
(mg g-1) of removal (mg g-1) of removal (mg g-1) of removal
0.1
0.991
99.1
0.840
84.0
0.979
97.9
0.2
1.96
98.0
1.66
83.1
1.87
93.6
0.5
4.72
94.4
3.78
75.7
3.71
74.3
1
9.08
90.8
7.20
72.0
4.61
46.1
2
17.1
85.6
14.08
70.4
4.94
24.7
5
39.0
78.0
33.9
67.8
7.56
15.1
10
77.6
77.6
47.5
47.5
13.0
13.0
3.5. Error functions
In order to measure the quality of fitting the validation of adsorption isotherms were
accomplished using different error functions alongside with the correlation coefficient R2. Using
nonlinear regression instead of linear incorporates the minimization or maximization of error
distribution between the experimental data and the predicted isotherms based on its convergence
criteria [21]. The data analysis was accomplished using Marquardt’s percent standard deviation
(MPSD); hybrid fractional error function (HYBRID); average relative error (ARE); average
relative standard error (ARS); sum squares error (ERRSQ/SSE); normalized standard deviation
(NSD); standard deviation of relative errors (sRE); spearman’s correlation coefficient (rs) and
nonlinear chi-square test (χ2) (Table 5).

Table 5. Values of correlation coefficients and error functions for Cd(II), Pb(II) and As(V)
adsorption on PEG-MWCNTs for K-C and Freundlich isotherms.

Cd(II)
R2
MPSD
HYBRID
ARE
ARS
ERRSQ
NSD
sRE
rs
χ2

K-C
0.973
45.76
84.45
23.63
0.3736
19.34
37.36
25.05
0.9232
3.378

F
0.971
50.22
84.73
28.77
0.4584
20.19
45.84
30.38
0.9199
4.237

Pb(II)
K-C
F
0.995
0.955
57.72
90.16
59.33
179.5
31.44
57.61
0.471
0.823
11.30
93.40
47.13
82.31
33.53
63.09
0.955
0.629
2.373
8.976

As(V)
K-C
0.989
25.47
11.55
12.02
0.2079
1.581
20.79
12.96
0.9937
0.4619

F
0.939
40.37
38.54
26.98
0.3686
8.857
36.86
28.90
0.9649
1.927
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3.3. Adsorption thermodynamics
The Gibbs free energy (ΔG0), enthalpy (ΔH0) and entropy (ΔS0) of adsorption were
calculated using the Van’t Hoff thermodynamic equations:

G 0   RT ln(b)

(4)

ln(b)  S 0 R  H 0 RT 

(5)

where b is nondimensional Langmuir constant, T is the absolute temperature in K and R is the
universal gas constant (8.314 J mol-1 K-1). ΔH0 (kJ mol-1) and ΔS0 (J mol-1 K-1) can be obtained
from the slope and intercept of ln(b) versus 1/T plot, assuming the sorption kinetics to be under
steady-state conditions. The calculated thermodynamic values (Table 6) provide information on
the adsorption mechanism.
Table 6. Calculated Gibbs free energy of adsorption, enthalpy and entropy for Cd(II),
Pb(II) and As(V) adsorption on PEG-MWCNTs at 298, 308 and 318 K.

Cd(II)
Pb(II)
As(V)

298 K
-39.52
-42.11
-45.02

ΔG0
308 K
-41.66
-44.24
-47.62

318 K
-43.71
-46.15
-49.83

ΔH0

ΔS0

21.98
17.04
25.50

209.8
201.9
240.8

The negative adsorption standard free energy changes (ΔG0) (kJ mol-1) and positive
standard entropy changes (ΔS0) at all temperatures indicate that the adsorption reactions are
spontaneous. For both sorbents the adsorption is endothermic (ΔH0 is positive). The decrease of
Gibbs free energy (ΔG0) with increasing temperature indicates that spontaneity of the reaction
increases.
5. Conclusions
The applicability of the isotherm equation to describe the adsorption process was judged
by the correlation coefficients and error functions. Thus, the adsorption isotherm models fitted the
data better by the use of Koble–Corrigan isotherm. Adsorption kinetic studies showed that the best
fitting kinetic model is parabolic or Weber-Morris model giving the highest values of correlation
coefficients than the other investigated models. Therefore, this model could be used for the
prediction of the kinetics of adsorption of Cd, Pb and As on the PEG-MWCNTs. The adsorption
properties of raw-MWCNTs were significantly improved by amino-functionalization, and
modification of nanotubes using PEG generated novel material suitable for removal of heavy metal
and metalloid species from water. Chemical modification of MWCNTs with PEG-NH2 offers an
alternative to produce of filtration membranes for the removal of heavy metals from industrial
waters at higher temperatures, and for preconcentration of heavy metals in analytical chemistry
and environmental protection.
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