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ABSTRACT

Adsorption is a method for removing heavy metals from wastewater. The
adsorption of lead from aqueous solution on multiwall carbon nanotubes
(CNTs) has been investigated using a series of batch adsorption methods.
In this work, adsorption rate was studied experimentally at various tem-
peratures (283,298 and 303K), contact time, initial pH andinitial lead con-
centration. It was observed that the lead adsorption rates increased dra-
matically intheinitial times of experiment and reached equilibrium after 6
hrs. The optimum pH was six. Adsorption isotherm, the experimental data
have been analyzed by four two-parameter isotherms (Langmuir, Frendhich,
Temkin and Dubinin-Radushkevich) and four three-parameter isotherms
(Redhich-Peterson, Sips, Toth and Khan). The datawasfitted by linear and
non-linear regression and three error functions were used to evaluate the
goodness of the fitting. Four kinds of kinetic models were used to test the
experimental data, which wereintraparticular diffusion, Lagergren-first-or-
der, second-order and the Elovich equation. The results showed that the
second-order kinetic model was the best model. Thermodynamic param-
eters (DGp, DHp, and DSp) were determined in the temperature range of
28310 308 K. These parameters showed that the adsorption of Pb (11) onto
CNTs was a spontaneous and endothermic process.
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INTRODUCTION

Leadisoneof thecommon heavy metal sthat exists
inindustrial wastewater and mineral water. Leadisa
poisonous meta that can damage nervous connection
(especidly inyoung children) and causeblood and brain
disorders. Many industriessuch asthe petrochemical,
painting and coating, newsprint, smelting, metal elec-
troplating, mining, plumbing and battery industriesdis-

chargelead into the environment!¥.Generally remova
and recovery of heavy metalsfrom wastewater isim-
portant for environmenta protection and human hedth.
Thereareseveral methodsfor removing heavy metals
from wastewater such aschemical precipitation, sol-
vent extraction, reversesosmosds, ion-exchange, evepo-
ration, air stripping, flotation and adsorption. Thead-
sorption techniqueisoneof the preferred methodsfor
removal of heavy metalsbecause of itshigh efficiency
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and smpleprocedure.

In recent years, various adsorbents have been used
for removing metalsfrom aqueous solution. Ahmet Sari
et a. used expanded perlit (EP) for removal Cu (I1)
and Pb (11) from solution®. Adsorption characteristics
were studied with respect to the changesin pH solu-
tion, adsorbent dosage, contact time and temperature
of solution. They cal culated Thermodynamic functions,
the change of free energy, enthal py and entropy of ad-
sorption®.

Zhai et d. used sawdust and modified peanut husk
as adsorbent to remove Pb (11), Cr (11) and Cu (I1)
from agueous sol ution?. The capacity of sawdust and
modified peanut husk in adsorption of Pb (I1), Cr (I1)
and Cu (I1) have been obtained.

In other work, natural and pretreated Clinoptilohte
has been used for adsorption of |ead from agueous so-
[ution®. Adsorption characteristicswere obtained to
evauatetheeffectsof contact time, initial concentration
and pretreatment of clinoptiloliteon theremova of Pb
(1.

Another adsorbent that was used in recent years
for heavy metal removal from wastewater are
bioadsorbents. Deng et d. used green dgaCladophora
fascicularisasbioadsorpent for adsorption of lead (I1)
fromwastewater™. In another work AgaveLechuguilla
has been al so used as bioadsorbent for removing Cr
(V?) from aqueous solution!®. Resultsshow that Agave
Lechuguilla can be consdered as an effective bioma-
terial for Cr (V?) removal from aqueous solution!®.
Activated carbon is also an effective adsorbent for
heavy metal removal. Demirbaset al. used activated
carbon that was prepared from agricultural wasteused
for removing chromium from agqueous solution!”.

After thediscovery of carbon nanotubes (CNTS)
by Ijima, anew member of the carbon family, many
researchers have been attracted to these materia sfor
theremova of organic and inorganic contaminantsfrom
water, becausethey have alarge specific surface area,
small sizeand hollow and layer structures. Asanin-
stance, in someworksadsorption of lead and also zinc
on carbon nanotubes have been studied®9.

The present work described the adsorption char-
acterigtics of lead on carbon nanotubesagainst severd
parametersincludingtime, initial pH, initial lead con-
centration and temperature. Theexperimentd datahave
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been anayzed by adsorption i sotherm and kinetic mod-
elsandfinally the thermodynamic parametersof ad-
sorption were obtai ned.

MATERIALSAND METHODS

Prepar ation of adsor bent

Carbon nanotubes (CNTs) can beclassified into
two types: oneismulti-walled CNTs(MWCNTSs) and
the other single-walled CNTs (SWCNTs)%, In this
work, multi-walled CNTswhich produced in Iranian
Research Indtitute of Petroleum Industry (R.I.PI) were
used as adsorbent.

Chemicals

All chemicalsused in thiswork were of analytica
gradeand the solutionswere prepared using distillated
water. Analytical-grade Lead(l1) Nitrate (Merck Ltd.,
CAS-No. 10099-74-8, EC-No. 233-245-9, 99.5%
purity) was employed to prepare astock solution of
Pb(I1) (1000 mg/l) which wasfurther diluted with dis-
tilled water to desired |ead concentration.

In thisstudy, we prepared various solutionswith
initia lead concentrationsranging from 10to 80 mg/l.
To adjust the pH, solutions of HCI and NaOH were
used.

Adsor ption equilibrium experiments

For equilibrium studies, batch adsorption experi-
mentswereperformed. First 100 ml of solutionwere
prepared withinitial lead concentration ranging from
10to 80 mg/l (10, 20, 30, 40, 50, 60, 70 and 80 myg/l),
next 50 mg CNTswas added to each solution into 250
ml glassflaskd®d. Themixtureswereagitated on shaker
incubator (AmperetabdleMultitrun I1) continuoudy for
6 hrsat 283,298 and 308 K, respectively.

After 6 hrs, the suspension was filtered using a
0.2umMilliporefilter (Schleicher and Schudl, Ref. No.
104 62 200) and the filtrates were analyzed for re-
sidud lead concentration by aflameatomic absorption
spectrometer (Varian, SpectraAA 220). Theamount
of lead uptake by CNTsin each flask was calcul ated

using themass ba ance equation:
(Co-CiV

="y (1)

Where g istheamount of lead adsorbed by CNTs(mg/g); C, is
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theinitial lead concentrations (mg/l); C, isthe lead concentra-
tions contained inthe original solution after timet (min) (mg/l);
V istheinitia solution volume (1) and M isthe CNTs dosage

Q).
Kinetic experiments

Kinetic studieswerecarried out in an agitated batch
sorption system. At 298 K, we prepared severa solu-
tionsof lead concentrationswith 50 and 80 mg/l, re-
gpectively. ThepH wasthat of theinitid solutionpH. In
all case, theworking pH wasthat of the solution and
was not controlled. At predetermined timeintervals,
sampleswerecollected, usnga0.2 pm membrane filter
andthenandyzedfor resdud |lead concentration by flame
atomic absorption spectrometry. Thelead adsorption
amount at timet was ca culated by equations(1).

THEORY

Equilibriumisotherm models

Inthiswork, two-parameter and three-parameter
isothermswere cons dered for andyzing the experimen-
tal data

1.1. Two-parameter isotherm
1.1.1. Freundlich isother mi4

Freundlich isotherm assumes heterogeneous sur-
facewith anonuniform distribution of heat of adsorp-
tion. The Freundlich equationisgiven by:
ge=k chn 2

k. and n are Freundlich constants related to the
characteristics of the system, which areindicators of
adsorption capacity and adsorption intensity,
respectively.Eq (2) can belinearized inlogarithmicform
and Freundlich constants can be determined.

1.1.2. Langmuir isother mi*3

The Langmuir equation whichisvalid for mono-
layer sorption onto asurface with afinite number of
identical Stesisgivenby:

_ OmKk Ce
Ge= 1k . Ce ®
Where g and k_are Langmuir constants related to the ad-
sorption capacity and energy of adsorption, respectively.
Langmuir constants can be determined from thelinear plot C/
g, versus C,
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1.1.3. Temkin isotherm

Temkinisotherm assumesthat the any decreasein
the heat of adsorptionislinear and the adsorptionis
characterized by auniform distribution of binding ener-
gies. Temkinisothermtakesthefollowing form:

0o = InlkrCo) @

WhereKk_ isthe equilibrium binding constant (1/g), bisrelated
to heat adsorption (Jmol), R is the universal gas constant
(8.314 Jmol K) and T isthe absolute temperature (K). band k
can be determined by plotting g, vs. InC, from slope and inter-

cept, respectively.
1.1.4. Dubinin-radushkevich isother mi34

D-Risothermisapplied to find out the adsorption
mechanism based on the potential theory assuming het-
erogeneous surface. Thismodd indicated that adsorp-
tion occurred by physica or chemical processes. D-R
isexpressed asfollows:

(]

= exp ——————— 4
Ge = Om eXP) e )

If € isthe Polanyi potentid:

€= RTIn(1+CiJ (6)

e

Then equations (5) and (6) become:

82
Qe =0m EXp[_ZEgj (7)

Where g isthe maximum adsorption capacity (mg/g), Eisthe
energy of adsorption (KJmol), Risthe universal gas constant
(8.314x10° KJmol K) and T isthe absolutetemperature (K). I
the E value is between 8 and 16 KJ/mol, the adsorption pro-
cess follows chemical ion-exchange and if E<8 KJ/mol, the

adsorption process is of a physical nature®.
1.2. Three-parameter isotherm
1.2.1. Redlich-Peter son isother mitt17

The Redlich-Peterson i sotherm was proposed to
improvethefit by the Langmuir and Freundlich equa
tionsandisgivenby:

AC,
"~ 1+BCY ®

WhereA and B areisotherm constants, g isthe exponent which

Qe
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lies between 0 and 1.

1.2.2. Sipsisother mi44

Themodel isacombination of the Langmuir and
Frendlichisotherm typemodels. The Sipsmodd takes
thefollowingform:

1

aCl
Ge =qm_8el ©)

1+ aSC§
Where q_ is monolayer adsorption capacity (mg/g) and &, is
Sips constant related to energy of adsorption.

1.2.3. Toth isotherm

Tothisothermislangmuir-based isotherm and con-
Sdersacontinuesdigtribution of Steaffinities. TheToth
moded takesthefollowingform:

anC
Je = mel

(Ko +CO)"
Wherek, isthe Toth model constant and n is the Toth model
exponent (0<n=1). For n=1 thisisotherm reducesto the L angmuir
equation.

1.2.4. Khan isother mi“

Khan et d. have suggested ageneralized isotherm
with temperaturefor the equilibrium adsorption of pure
solution. Khanisothermisgivenas.

__ 9mbkCe
Qe= a
(1+by Cg)?
q,, and b, are the Khan model constants and a, is the Khan
model exponent.

2. Kinetic modd

Four kinds of kinetic modelswere usedto test the
experimental data. These are Lagergren-first-order
equeation, second-order equation, Elovich equation and
intraparticular equation. The conformity between ex-
perimental dataand model predicted valueswere ex-
pressed by the correl ation coefficient (R?). A relatively
high R? valueindicates that the model successfully de-
scribed thekineticsof Pb (I1) adsorption.

2.1. Lagergren-first-order equation?

(10)

(1)

Lagergren-first-order equation isone of the most
popular kineticsequations. Lagergren-first-order equa-
tion (Lagergren, 1898) isgenerally expressed asfol-
lows
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at (12)

Where g, and g, (mg/g) are the amount of sorbed lead at equi-
librium and timet (min), respectively, and k, (min*) istherate
constant of the Lagergren-first-order equation. After definite
integration by applying the condition q,=0 at t=0 and g=q, at
t=t, the equation becomes:

d
ki (de—ar)

|n(Qe_Qt)=|nqe_klt (13)
k, and g, can be determined experimentally by plotting In( g,-
q,) against t from the slope and intercept of the plot, respec-
tively.

2.2. Second-order equationd
Thesecond-order equationisin thefollowing form:

dqt =k

S 2(de—qy)?

(14)

Integration of thisequation for theboundary condi-
tions (g=0 at t=0and g=q, at t=t), gives:

t 1 1
°F; kzqe Je

k, istherate constant of second-order equation (g/mg/
min). A plot of (t/gt) against t should givealinear rela
tionship formwhich g, and k,, can be determined from
thedopeandintercept. If theinitial adsorptionrate, h

(mg/g/min)is

(15)

h=k,q? (16)
Then equations (15) and (16) become:
H O
Q¢ h de (17)

2.3. Elovich equationf?411

TheElovich equationisof general applicationto
chemisorptionskinetics. Adsorption ratedecreaseswith
timedueto increased surface coverage. The Elovich
equationisgeneraly expressed as(Chienand Clayton,
1980; Sparks, 1986):
% = aexp(-Ba,)
Where a istheinitial adsorption rate (mg/g/min) and B isre-
lated to the extent of surface coverage and the activation en-
ergy involved in chemisorptions (g/mg).

Integration of thisequation for theboundary condi-
tions (g=0at t=0and g=q, at t=t), gives:

(18)

Oy =%ln(a5)+iln(t) (19)

B
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2.4. Intraparticular diffusion equation*

Theintraparticular masstransfer diffusion model
(Weber and Morris, 1963; Srivastavaet al. 1989) is
givenas.

a =kigVt +C (20)
Where C is the intercept and k, is the intraparticle diffusion
rate constant (mg/g/min*), which can be calculated from the

slope of linear plot of g, versust™.

Inthismodel, thefractional approach to the equi-
librium changes according to afunction of (Dt/r?)°®,
whereD isthediffusion coefficient withinthe solid ad-
sorbent and r isthe particleradius.

3.Adjustingthemodels parameter sby theexperi-
mental data

Theadsorptionisotherm or adsorption kinetic mod-
elswithtwo parameterscan betransformedintolinear
formsto obtain an adjustable parameter by linear re-
gression analysis. But the model swith morethan two
parametersare not fitted to the experimental databy
linear regression. Inthiscaseit isnecessary to apply
non-linear least square analysis. For the non-linear
method, atrial and error procedure, which is appli-
cableto computer operation, was devel oped to deter-
minetheisotherm parameter by minimizing therespec-
tive coefficient of determination between experimenta
dataand isotherm.

3.1 Coefficient of deter mination

Coefficient of determination (R?) wasa so used to
eval uate the comparison of isotherm model with ex-
perimental data. Coefficient of determinationisgiven
&

R? = 1—% (21)
SST=) 0%, M (22)
SSE= Y (derp. ~ eat f (23)

Where Oeep (mg/g) isthe equilibrium value obtained from the
experimental data, g, iscal culated by isothermmodel andpis

the number of data points.
Theerror functionsemployed wereasfollows:

3.2 Thesum of thesquareof theerror (SSE)
Thiserror functionistheonewhichiswiddy used.
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SSE providesbest fit at the higher concentration data
asmagnitudeof theerror.

P
SSE = Z(Qexp. - QCaI.)2
i=1

3.3Thehybridfractional error function (HYBRID)

Thehybrid error function was devel oped by Porter
et a.inorder toimprovethefit of the SSE function at
low concentretion.

(24)

p

10 Zl(qexp. —qcal.)zl

o1 Qexp.

HYBRID =

(25)

Where p is the number of data points and n is the number of
parameter within the equation.

3.4 Theaveragereation error (ARE)

_ 100 D |Qexp._QCaI.|
ARE = . Z{—]

26
i=1 Gexp. (29

Where p is the number of data points.
RESULTSAND DISCUSSION

1. Effect of experimental conditionson adsor ption

Theeffect of contact time on the adsorption rate of
Lead by CNTsfor different initial concentrationscan
beseeninfigurel. Itisseen fromthisfigurethat the
adsorptionrateincreased dramatically inthefirss 5min-
utesof contact timefor variousinitial concentrations.

Theeffect of initial lead concentration onthere-
mova of Pb2+ by CNTsisshowninfigurel. Thisfig-
ureshowsthat whentheinitia lead concentrationisin-

—8— 50 ppr

== 80 ppmi

% Removal
L

a 130 ot 300 400 500
Time(min)
Figurel: Effect of contact timeon lead adsor ption for dif-
ferent initial concentration (Initial pH, T=298K)
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Figure2: Influenceof thepH on adsor ption per centage of
lead onto CNTs(CO=50mg/l, T=298 K)

L] 1H) 200 3000 ALKk S0 BIKR
t (min)
Figure3: Effect of agitation timeand initial concentration
lead on theadsor ption of lead. (Initial pH, C =50 mg/l)

creased the percentage of adsorption decreased. This
isobviousfrom the fact that, for constant dosage of
adsorbent, equilibrium concentration of lead increase
withtheincreasingtheinitial concentrationof lead, then
the adsorption percent decreases. Generdly, thepH of
solutionisthe most important variablethat affectsthe
metal ionsadsorption. Theeffect of solutionpH onlead
adsorptionisillustrated infigure 2. It can be seen that
the adsorption capacity of lead by CNTsisclearly af-
fected by the solution pH. Theinitial concentration of
lead ion was 50 mg/l. It was apparent that the lead
adsorption percentageincreaseswith thepH vauefrom
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110 6. Precipitation will occur between lead and OH—
asthe pH exceed to six, SO our experimentswere car-
ried out only under acidic condition. At pH valuesbe-
low the point after which the hydroxide precipitation
begin to formul ate, the decreased adsorption withthe
decrease of pH maybeisdueto competition for sorp-
tion sitesbetween |ead and proton.

2.Adsor ption kinetics

Figure 3 showsthekineticsof lead ion adsorption
onto the CNTs. Four kinetic models, Lagergren-first
order equation, second order equation, Elovich equa
tion andintrgparticlediffuson equation wereused tofit
the experimental data by linear regression. For com-
parison of kinetic mode's, we used correl ation coeffi-
cient (R?). Thevalueof parametersand correlation co-
efficientsfor each model are presentedin TABLE 2.

The Lagergren first order equation was used to
correlatethe experimental databased onthefollowing
mechanisticscheme:

Mgy + Pbis > MPbEZ e (27)
Onelead ion was assumed to sorb onto one ad-
sorption site of the CNTs surface. Ascan beseenin
figure 3.and TABLE 1, the cal culated amount of ad-
sorption equilibriumisfar from the actual amount of
adsorption equilibrium. Hence, thisequation cannot
providean accuratefit of the experimental datd*¥ the
second order model assumesthat |ead is sorbed onto

twoactivedites:

Mgy + PbiF = M PO hhace (28)
The second order equation appeared to be the bet-

ter fitting model than the Lagergren-first-order equa-

tion becauseit had ahigher R2. The cal culated amount

of adsorption equilibriumissmilar totheactua amount

TABLE 1: Comparison of adsor ption kineticsconstant

Temperature=298 K

Temperature =298 K

Co=50 ppm Co=80 ppm Co=50 ppm Co=80 ppm
ge.exp. (mg/g) 71.1 130.58 ge,exp. (mg/g) 71.1 130.58
L ager gren-first-order Elovich
Qe,cal. (mg/g) 30.51 43.42 o (mg/g/min) 41649 1734127
ki (1/min) 0.011 0.01 B (g/mg) 0.215 0.142
R?(Linear) 0.958 0.816 R?(Linear) 0.959 0.983
Second-order Intraparticular diffusion
Qe,cal. (mg/g) 76.92 142.86
ko (1/min) 0.0012 0.0013 kig (mg/g/h0.5) 1.86 34
h (mg/g/min) 7.09 27.027 C (mg/g) 35.52 65.52
R?(Linear) 0.999 0.999 R*(Linear) 0.567 0.532
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TABLE 2(a): Two-par ameter isother m constant and statisti-
cal comparison values

Adsor ption isotherm Temperature

(two-parameter) T=283 T=298 T=308

Freundlich
ke 34.226 34.329 39.845
Un 0.245 0.29 0.244
R?(linear) 0.982 0.926 0.991
ERRSQ 65.7 239.88 46.86
HYBRID 22.56 78.86 14.06
ARE 5.15 11.32 3.24
L angmuir
Om 90.909 90.909 100
kL 0.297 0.611 05
R?(linear) 0.984 0.994 0.99
ERRSQ 487.03 295.1 713.22
HYBRID 311.97 95.78 339.63
ARE 16.93 11.73 18.54
Temkin
kr 3.2441 17.737 52.131
B 13293 185586  219.239
R?(linear) 0.992 0.988 0.958
ERRSQ 14.71 36.93 188.77
HYBRID 451 13.68 85.17
ARE 2.16 4.32 9.85
Dubinin-Radushkevich
Om 78.335 68.374 78.81
E 0.4093 2.27 1.3533
R?(linear) 0.82 0.899 0.835
ERRSQ 197.6 569.94 506.54
HYBRID 46.65 156.87 128.87
ARE 6.95 13.139 11.15
,- _:-,-"" . * Experimental

oo ),«"}V ~f=Freundlich

&8 /4

E I,-;r Langmuir-1

o F e TRFTIRAN

- [ - O-R
Ca mg/l}

Figure4: Comparison of two-parameter isotherm models
with experimental data (T=298K)

of adsorption. The Elovich equation assumesthat the
activesitesof the sorbent are heterogeneousand there-
foreexhibit different activation energiesfor chemisorp
tiong¥. Thevdueof theinitid adsorption rate constant
o, wasfoundtoincreasewith theincreaseininitid lead

ESAIJ, 4(1) January 2009

TABLE 2(b): Three-parameter isotherm congtant and statis-
tical comparison values

Adsor ption isotherm Temperature
(Three-parameter) T=283 T=298 T=308
Redlich-Petrson
A 46.792 74.031 69.542
B 1 1 1
g 0.82 0.967 0.919
R?(nonlinear) 0.994 0.979 0.929
ERRSQ 283.53 65.82 320.72
HYBRID 278.74 3243 275.65
ARE 11.93 5.7 13.83
Sips
Om 179.998 92453 291.186
as 0.157 0.699 0.163
Un 0.498 0.676 0.297
R?(nonlinear) 1 0986  0.992
ERRSQ 161.26  44.37 36.39
HYBRID 154.25 20.1 14.62
ARE 9.625 4.52 341
Toth
Om 100.005 98.261 106.546
Kto 0.941 0.652 1
n 0.529 0.533 0.614
R?(nonlinear) 0.907 0.989 0.934
ERRSQ 352.16 38.45 296.78
HYBRID 247.76 17.12 247.08
ARE 14.6 4.12 13.53
Khan
Om 40.616 48589 65.129
bk 1 2251 1
=% 0.788 0.871 0.903
R?(nonlinear) 0.997  0.993  0.928
ERRSQ 290.457 21.8 321.94
HYBRID 286.941 8.94 279.98
ARE 11.93 2.67 13.81

concentration but congtant 3 decreased withtheincrease
ininitia lead concentration™. The Elovich equationis
based on ageneral second-order reaction mechanism
for heterogeneous adsorption processes. The Elovich
mode providesagood fitting to the experimental data.
Theintraparticle equation does not provideagood fit
totheexperimental data.

3.Adsorption isotherm

For theresults presented in figure 4, the two-pa-
rameter isotherm provided accuratefit to the experi-
mental data. Figure 5 shows comparison of three-pa-
rameter isotherm model swith experimental data. Com-
paring thevaluesof SSE, HY BRID, ARE and R? ob-
tained from the adsorption mode s show that thefitness
between theexperimenta vauesand thepredicted val-
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o + Experimental
~&=f-F

¥ Sips
f
—_—Toth

%han

q.(mg/g)

—

C.(mg/l)
Figure5: Comparison of thr ee-parameter isotherm mod-
elswith experimental data (T=298K)

uesusingthemode sweregenerdly very suitablefor all
three-parameter isotherm models. Theva ueof param-
eter, correl ation coefficient and error function were pre-
sentedinTABLE 2.

Theresults obtained with the Langmuir isotherm
show that the maximum adsorption capacity increased
with increasing temperature. Also results have been
obtained from Freundlich isotherm that the 1/n value
was between 0 and 1 indicating that the adsorption of
lead onto CNTswasfavorable at studied conditions.
TheSipsmode provided highvaluesof g thanthose
obtained with the Langmuir model. The Redlich-
Petersonisotherm showsthat thevalueof g approaches
unity, indicating that the Redli ch-Petersonisotherm tends
towardsalLangmuir isotherm.

4. Thermodynamic analysig*64

Thermodynamic parametersincluding the change
in free energy (AG®), enthalpy (AH®) and entropy
(ASm) were cal cul ated from thefollowing equation:

_ Qe
KD——Ce (27)
AG®=-RTInK (28)
AS®  AH°
INK p =—--
D= R T RT @)

AHm and ASrt parameters can be cal culated from
thesopeand intercept of theplot InK | vs. 1/T, respec-
tively. From Eq (28), AG®° wascaculated using InK
vauesfor different temperatures. It wasfound asand -
3.486, -3.947 and -4.484 KJmol at 283, 298 and
308 K, respectively. The AH® parameter had avalue
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of 7.555 KJmol. The AS° parameter wasfound to be
0.038893 KJ/mol K.

CONCLUSIONS

Based onthe present study, thefollowing conclu-
sionscan bedrawn:

e Ingeneral, theadsorption of Lead onto CNTsin-
creaseswith theincrease of pH intherange of 1-6.

e Thecontact timeto reach equilibriumis6 hrsfor
CNTs.

e The second-order equation isthe best choice for
describing the adsorption kinetic of leadionsonto
CNTs.

e Comparison of elevenisotherm modelswasmade
using three error functions. Three-parameter iso-
therm model sresulted in better performancethan
two parameters mode.

¢ Themeanadsorption energy (E) wascd culated E<8
KJmol. Theseresultsindicatethat the adsorption
process of thelead ionsonto CNTsmay be carried
out viaphysica natura mechanism.

e The negative adsorption standard free energy
changes and the positive standard entropy changes
indicate that the adsorption reaction isaspontane-
OUS Process.

¢ A positivevauefor the standard enthal py change
indicatesthat theinteraction of lead adsorbed by
CNTsisendothermic.

Nomenclature

A: Redlich-Petrson constant; a.: the activity of the solute in
solution at equilibrium; a . Khan model exponent; a_: Sips
Constant; a_ the activity of adsorbed solute; B : Redlich-
Petrson constant; b : Temkin constant (Jmoal); b, : Khan model
constant; C, : initial leadconcentration (mg/l); C, : leadcon
centrations at any time t (mg/l); D: diffusion coefficient ; E :
energy of adsorption (KJmol); AGr : the change in free en-
ergy; g : Redlich-Petrson constant; AHr : the change in en-
thalpy; h: initial adsorption rate (mg/g/min) ; k : the rate con-
stant of first-order equation (1/min); K, : the rate constant of
second-order equation (g/mg/min); K, : distribution coefficient;
k. : Freundlich Constant (I/g); k., : intraparticle diffusion coef-
ficient (mg/g min®?); k : Langmuir constant (I/mg): k, : Temkin
constant (I/g); k., : Tothmodel congtant; M : Carbon nanotubes
dosage (g); n: Freundlich constant; q: Amount of |ead adsorbed
(mg/9); g, : calculated value (mg/g); Oop experimental value
(mg/g): q,, - Langmuir constant (mg/g); R: universal gas con-
stant ; R?: Coefficient of determination; r: particleradius; ?Srt
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: thechange in entropy; V: initial solution volume (1)

Greek Symbols

o : therate constant of Elovich equation (mg/g/min); B: Elovich
constant (g/mg); ¢ :Polanyi potential; v, : the activity coeffi-
cient of the solute in solution ; v : the activity coefficient of
the adsorbed solute
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