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ABSTRACT

Chelating resins based on polyacrylonitrile (PAN) and monoethanolamine
(MEA) were prepared with three volume percent of monoethanolamine.
The resins (PAN-MEA) have been studied by FT-IR. The prepared resin
(PAN-MEA 1) were applied to remove of methylene blue from aqueous
solution. The effects of adsorbent dose, initial pH, temperature, initial
methylene blue concentration and contact time were investigated.
Adsorption increased with increasing dye concentration, initial pH, and
temperature. The maximum adsorption capacity of 158.954.3 mg g* of
Methylene blue was achieved. Pseudo first-order, pseudo-second-order
and intraparticle diffusion models were considered to evaluate the rate
parameters. The adsorption followed pseudo-second-order kinetic model
with correlation coefficients greater than 0.999. Experimental data were
analyzed by model eguations such as Langmuir, Freundlich and Temkin
isotherms. It was found that Langmuir isotherm model was the best fitted
with the adsorption data. Thermodynamic parametersof 4G°, AH® and 4S°
indicated the adsorption process was spontaneous and endothermic.
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INTRODUCTION

Synthetic dyesareone of themain pollutant groups
of water and wastewater. Dye contaminationin waste-
water causes problemsin several ways. the presence
of dyesinwater, eveninvery low quantities, ishighly
visibleand undesirable; color interfereswith penetra-
tion of sunlight into waters; retardsphotosynthes's; in-
hibitsthegrowth of aguatic biotaand interfereswith
gassolubility inwater bodies. It followsthat dyesneed
to beremoved beforethe effluentsare discharged into
environment. However, thishas aways been amajor
problem because of thedifficulty of treating suchwaste-

waters by conventiona methods*2.

Chdaingresnswithcomplex ligandscontainingsul-
phur, nitrogen, and oxygen atoms have excellent sorp-
tion capacity for dyesdueto thestrong affinity between
sul phur, nitrogen, and oxygen atomswith dyes. There
aremany different methodsfor treatingindustria waste-
watersand current methodsinclude preci pitation, co-
agul ation/flotation, sedimentation, adsorption, mem-
brane processes, € ectrochemical techniques, ion ex-
change, biologica processesand chemicd reactions*
81, Amongst these, adsorption process hasbeen devel -
oped asamajor option for separation and purification
of dyesfromdifferent dilute agueous solutions.
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Theobjectiveof thispaper issynthessand theeva u-
ation of PAN-MEA as adsorbents of methyleneblue.
Characterization of the synthesized adsorbent was stud-
ied by Fourier-transform infrared spectroscopy (FT-
IR). Theeffectsof the pH, contact time, initia concen-
tration of methyleneblue, amount of adsorbent and tem-
perature on the adsorption capacity of the PAN-MEA
for MB were studied. Also, thethermodynamicsand
kinetic parameters of the M B adsorption onto PAN-
MEA havebeeninvestigated.

EXPERIMENTAL

Materials

Polyacrylonitrile powder wasprovided by Polyacryl
Co. (Isfahan, Iran) with amolecular weight of 60000 g
mol”! (10% Methacrylate, based on elementd andysis
data). Monoethanolamine (MEA) was purchased from
Merck and used without purification. A cationic dye,
Methylene blue was provided by Fluka and used as
received. The FT-IR spectra (5004000 cm™) was

obtained fromABB, MB3000 (Canada) spectrometer
by usng KBr pellets and scanning e ectron microscope
ZEISSDSM 960 (Germany).

Chemical modification of PAN with MEA (PAN-
MEA)

Functionalization of PAN was conducted by MEA
accordingto Todorov et d. procedure (Figure 1). PAN
(5.3 g, 0.1 mol) and MEA (48.9(PAN-MEA 1),
24.1(PAN-MEA Il) and 18 (PAN-MEA I11) mL) were
mixed inathree-necked flask (250 mL) equipped with
stirrer, condenser, and thermometer. Thereaction mix-
turewas stirredin the heating bath (120°C). The initial
dispersonwasgradud|ly transformedintoagel andthen
dissolved. Theresulting clear, viscoussolutionindicates
completion of thereaction, taking placewithin 60 min.
Thereaction product was cooled to room temperature,
diluted with ethanol to the appearance of alight brown
solution. Themixturewas poured into thefive-fold ex-
cessof acetonefor the precipitation of the product. The
preci pitation waswashed with Soxhl et using acetone.
Thelight yellow powder wasdriedinvacuum at 60°C.

AA~CHyCH-CH-CH-~~ HN-(CH) OH ACH,: HCH!_—_THM
o
N N 120°C HN=C-NH - HNCeN
“i”z’r (TH-.-:‘:
OH OH

Figurel: Scheme of PAN-MEA synthesized.

Adsor ption experiments

The 100-mL samplescontaining known concen-
tration of dye and PAN-MEA were added to Erlenm-
eyer flasks. Theflaskswere stirred with arate of 300
rpminawater bath (ParsAzma, Iran). The pH of the
dye solutionswasadjusted in therange of 4-6 with 0.1
N HCI or 0.1 N NaOH by using aWTW pH 3110
SET 2 pH-meter (Germany) with acombined pH elec-
trode. The remaining methylene bluewas determined
spectrophotometically (PG Instruments T70 Plus,
United Kingdom) at kmax=664 nm using a calibration
curve.

The amounts of dye adsorbed on PAN-MEA at
any time, t, were cal culated from the dye concentra-
tionsin solutions before and after adsorption. At any
time, theamount of dye adsorbed (mgg*) (q,), by PAN-
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MEA were calculated through Eq. (1):

d; =V(CO_C1)/W )
where g, istheamount dye adsorbed into PAN-MEA
at any time(mgg™), C,and C arethe concentration of
dye beforeadsorption and after contact time(mg L 1),
respectively; V isthevolumeof dyesolution (L), and
W isthe mass of PAN-MEA sample used (g)!"#.

In order to determinethe best kinetic modd whichfits
the adsorption experimental data, the pseudo-first-or-
der, pseudo-second-order and intraparticlediffusion
modelswereexamined. Thelinear formsof thesemod-

els can bedescribed by Egs. (2-4):
In(g.—q,)=Ing. -kt 2
Lot

a kgl . ®)
q, =k t"*+C ()
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whereq, istheamount of the adsorbed pollutant at equi-
librium per unit massof theadsorbent (mgg™*), k (min
1, k, (@mg*min?) andk (mg g* min?) aretherate
congtants of the adsorptionin pseudo-first-order (Eq.
(2)), pseudo-second-order (Eg. (3)) and intraparticle
diffusion models(Eq. (4)), respectively®11,

RESULTSAND DISCUSSION

PAN-M EA was prepared by asimplereaction be-
tween PAN and MEA at 120°C for 1 h (Figure 1).Fig-
ure 2 shows the FT-IR spectra of the raw PAN and
prepared PAN-MEA resins. The FT-IR spectrum of the
raw PAN (Figure 2a) shows the peaks at 3528 cm'®
(OH dretching), 2242 cn! (Ca’N stretching), 2931 e
! (CH stretching in CH, CH, and CH, groups), 1456
cmrt (CH bending), and 1735 cm* (C=0 stretching)
which aretheconfirmation of theorigina powder asa
copolymer of acrylonitrile (AN) and methylacrylate
(MA). After thereaction of PAN with MEA, the spec-
trum of theobtained aminecontaining PAN showsmany
significant changes. In PAN-MEA |, the pesk at 2245
cn* disgppearscompletely (Figure 2b). Inaddition, the
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new bonds observed at 1651, 1556, 1597 and 1381
cm*for the PAN-MEA can beassigned to the C=0 (or
C=N) groupsinamide, theN-H group in amine or amide
and the C-N group in amide, respectively [12]. These
resultsconfirmed theintroduction of monoethanolamine
groupsinthepolyacrylonitrilestructure(Fgure1). TABLE
1 shows detail of FT-IR adsorption signals for PAN-
MEA resinsanditsMB adsorption.

T i number ety
Figure2: FT-IR spectraof a) PAN, b) PAN-MEA, c) PAN-
MEAII, (d) PAN-MEALIII.

TABLE 1: FT-IR adsor ption signals(cm™) for PAN-M EA resinsand itsmethylene blue sor ption.

NH», NH C-H C=N C=Oor N-H C-H
(Stretching) (stretching) (Stretching) C=N (Bending) (Bending)

PAN - 2931 2245 1635 - -
PAN-MEA | 3406 2931 - 1654 1543 1060
PAN-MEA I 3425 2939 2245 1654 1539 1068
PAN-MEA 1 3410 2932 2241 1654 1543 1060
PAN-MEA | MB 3425 2924 - 1651 1543 1018
PAN-MEA || MB 3425 2931 2245 1658 1542 1072
PAN-MEA Il MB 3425 2924 2245 1658 1543 1064

Adsor ption behavior of PAN-MEA

Inthehigh concentration of MEA, themodification
of PAN donewell and the adsorption ability of resin
wereincreased, so herewe considered adsorption be-
havior of MB onto PAN-MEA I.

Effect of pH

Theamount of MB adsorbed onto PAN-MEA | as
afunction of pH wasshowninFigure 3. Asshownin
Figure 3, thehigh uptake capacity wasachieved a high
pH values. The observed lower uptake in an acidic
medium may be attributed to the partial protonation of

the active groups and the competition of H* withMB
for adsorption sitesonthe PAN-MEA .

Effect of contact timeand initial concentr ation of
M B

Theeffect of initial MB concentration and contact
timeontheadsorptionrateof MB ontoresinsisshown
inFigure4. Theamount of dyeadsorbed at anytimein-
creasesfrom 15.04t0 52.3 mg g by increasing theini-
tial MB concentration from 20to 60 mg L *. Therefore,
adsorptionincreaseswithincreasinginitid dyeconcen-
tration. Theresultsshow that uptakeof MB israpidfor
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thefirst 20min reaching equilibriumwithinabout 30 min.
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Figure3: Effect of contact timeand initial pH on theremoval
rateof M B onto PAN-M EA | from aqueous solutions(T=25
°C, [MB] =50mg L ", resin=0.1g).
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Figure4: Effect of contact timeand initial concentration of
MB onto PAN-M EA | from aqueoussolutions(T=25°C, pH=
9.5).

Effect of adsor bent dosage

Adsorbent doseisasignificant parameter inthede-
termination of adsorption capacity. In order to study the
effect of adsorbent mass on the adsorption of MB, a
series of adsorption experimentswas carried out with
different adsorbent dosagesat initia dyeconcentration
of 50 mg L*. Figure 5 shows the effect of adsorbent
doseontheremova of MB. Alongwiththeincrease of
adsorbent dosage from 0.1 t0 0.3 g, the MB sorption
capecity decreased from 15.15t0 3.04 mgg*. Thismay
be attributed to theaggregation of adsorbent particlesat
high dosage, whichreducesthetotd surfaceareaof the
adsorbent and resultsin anincreaseinthediffuson path
length. Also Increasing the dosage of PAN-MEA and
keeping the dye concentration constant makesalarge
number of Stesavaillablefor afixed concentration of sor-
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bate, hencethereductionintheva ueof q[131.
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Time(min)
Figure5: Effect of adsor bent dose on adsor ption of M B onto
PAN-MEAI (T=25°C, [MB] =50mgg*, pH=9.5).

Effect of temperature

To study the effect of temperature on the adsorp-
tion of MB adsorption by PAN-MEA |, the experi-
mentswere performed at temperatures of 25, 40, and
55°C. Figure 6, shows the influence of temperature on
the adsorption of MB onto PAN-MEA |. Asit was
observed, the equilibrium adsorption capacity of meth-
ylene blue onto PAN-MEA | was found to increase
withincreas ng temperature, especially in higher equi-
librium concentration, or lower adsorbent dose because
of highdriving force of adsorption. Thisfact indicates
that themobility of M B increased with thetemperature.
The adsorbent shows the endothermic nature of ad-
sorption.

19

q,(mg/g

- 40"

215°¢

0 20 40 60 80 100 120

time(min)
Figure6: Effect of contact timeand temperatureon there-
moval efficiency of M B onto PAN-M EA | from aqueoussolu-
tions((MB] =50mgL*, pH=9.5,resin=0.1g).

Kineticsof adsor ption process
From the study of thekineticsof adsorption results
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are shown in TABLE 2. The pseudo-second order
model well described the experimenta data (R2>0.99).
Similar resultshave been observed inthe adsorption of
methylene blue onto HNTS. In contrast the pseudo-
first order model and theintraparticlediffusonmodels
do not describethe adsorption of MB. Figure 7 shown
the pseudo-second order curvesof PAN-MEA | with
MB inthevarioustemperature.

TABLE 2: Adsor ption kinetic parameter sof M B onto PAN-
MEAI.

Sample PAN-MEA |
Temperature (°C) 25 40 55
Pseudo-fir st-or der
kg, min 0.0067 0.0043 0.0024
R 0989 0985  0.991
Pseudo-second-or der
ko, mg g™ min® 0045 0035 0.026
G ca (MY Q™) 165 184 194
Gerixp (MY ) 159 171 179
R 0999 0999  0.999
Intraparticle diffusion
ki, mg gt min*? 0627 0562 0555
C 126 129 13.6
R® 0983 0986  0.987

i )
o in oo

¥ =0.050x +0.251
=099
¥=0.051x+0.286

R =0.999
y=0.051x+0.334
R=0999

t/q, (ming/ mg)

o e e W o

0 20 40 60 80 100 120
Time (min)
Figure7: Pseudo-second-order plotsfor the adsor ption of
MB ontoPAN-MEA at varioustemper atures([M B] =50mg
L resin=0.1g, pH=9.5).

Activation parameters

From three of the pseudo-second-order rate con-
stants, k, (hereK_ ), each at adifferent temperature,
and usingtheArrheniusequation (Eqg. (5)), itispossible
to gain someingght into thetype of adsorption.
Ink, =InA-E/RT (5

—= Pyl Paper

Here E, is the activation energy (J mol™), k_ the
pseudo-second-order rate constant for adsorption (g
mol s?), Athetemperature-independent Arrhenius
factor (gmol* s?), Rthegasconstant (8.314 JK-*mol-
1), and T the solutiontemperature (K). Thed opeof the
plot of Ink_ vs. T* can then be used to evaluate E..
Low activation energies (540 kJ mol ™) are character-
istic of physical adsorption, whilehigher ones (40-800
kJmol*) suggest chemisorption™. Thepresent results
give E, =~ +9.45 kJmol™ for the adsorption of MB
onto PAN-MEA |, indicating that the adsorption hasa
low potential barrier and corresponds therefore to
physisorption (Figure 8).
08
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0003 0.00305 00031 0.00315 0.0032 000325 0.0033 0.00335 0.0034

sm)
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Figure8: plot of Ink_ vs. T *: estimation of the activation
energy, E_, for theadsor ption of M B onto PAN-MEA.

Adsorption isotherms

The adsorption equilibriumisothermisimportant
for describing how the adsorbate mol eculesdistribute
between theliquid and the solid phaseswhen the ad-
sorption processreachesan equilibrium state. It isex-
pressed by relating the amount of adsorbate taken up
per gram of adsorbent, g, (mg g*), to the equilibrium
solution concentration, C_(mgL™), at afixed tempera-
ture. Theanalysisof theisotherm databy seeing how
well they can be accommodated by different modelsis
acrucia stepin establishingamodel that can be suc-
cessfully used for design purposes. Adsorption equilib-
rium isadynamic concept achieved when therate at
which moleculesadsorb onto asurfaceisequal tothe
rateat which they desorbed. At equilibrium, no change
can be observed in the concentration of the soluteon
thesolid surfaceor inthebulk solution, asituation char-
acterigtic of theentire system, including sol ute, adsor-
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bent, solvent, temperature, pH, and so on{¢l,

The quantity of dyethat could betaken up by an
adsorbent isafunction of both the concentration of the
dye and thetemperature. Theamount of dye adsorbed
isdetermined as afunction of the concentration at a
constant temperature, which could be explained by
adsorption isotherms. In this study, three isotherms
Langmuir (Eq. (6))*", Freundlich (Eq. (7)) and
Temkin (Eq. (8))*% weretested.

C 1
_e=_.|.a'_|-Ce (6)
qe KL KL

1
Iogqe=logKF+HlogCe @)
g.=B,;InK;+B,InC, (8)

Here g, isthe solid phase equilibrium concentration,
i.e., theamount of M B adsorbed per unit weight of the
PAN-MEA I (mgg?); C. istheliquid phaseequilibrium
concentration (mgL™), K_anda_are Langmuir con-
stantsfound from theintercept and dopeof the straight
lineof theplot C /g, versusC,_. Thea constantisre-
lated to thefree energy or net entha py of adsorption (L
mg?) (a_a ")) and K isthe equilibrium con-
stant of Langmuir (L g*). K_isaFreundlich constant
indicative of therelative adsorption capacity of thead-
sorbent (mg g*) and I/nistheadsorptionintensity. B,
=RT/b, K, istheequilibrium binding constant (Lmg™)
and B, isthe heat of adsorption.

Theisotherm congtantsfor dl theisothermsstudied
were cd culated fromthelinear form of each mode and
thecorre ation coefficentsaregivenin TABLE 3. Based
on the highvalues of R2 (morethan 0.99), the experi-
mental equilibrium datawasfitted to Langmuir and
Freundlichisotherms. Figure9 showstheLangmuir plot
for the adsorption of MB onto PAN-MEA | at 25, 40,
and 55°C, as reproduced by the linearized Langmuir
equation. However the Langmuir isotherm gave a bet-
ter fit than the Freundlichisotherm for M B adsorbed

on PAN-MEA I. Thissuggeststhat monol ayer adsorp-
tion of maachite greentakes place onthe homogeneous
surfaceof PAN-MEA I.

Adsor ption ther modynamics

Thethermodynamic parametersarecrucial for a
better comprehension of the effect of temperatureon
adsorption. Sincethe K Langmuir constant is essen-
tialy anequilibrium constant, thevariation of K with
temperature (TABLE 3) can be used to estimate the
enthal py change accompanying adsorption, 4H°, i.e.,
the standard enthal py change of adsorption at afixed
surface coverage’?Y. Thethermodynamic parameters
AH°, A8°, and A G° associated with the adsorption pro-
cess can be determined by using thefollowing equa-
tions
AG®=-RTInK, 9)
AG°=AHP-TAS® (10)
WhereK isLangmuir constant when concentration
termsareexpressedinL mol?, R(8.314 Jmol 1K) is
theuniversal gascongtant and T (K) isthetemperature.
The AH° and 4S5° values can be calculated from the
slope and intercept of the plot of AG°versusT. The
freeenergy changes (4G°) arenegative, indicating the

0.45

04

T oz

2

G? 02

~ 0.15 —-55°C ¥ =0.041x+ 0.003

(JD ’ Re=0.999

- i  =0.054x + 0.007

0 40°C =099
05 IS0

y = 0.082x + 0.046
F®=0.999

0 1 2 3 4 5 6 7
C.(mgfl)
Figure9: Langmuir plot of adsor ption of M B onto PAN-M EA
| at varioustemperatures(PH=9.5, resin=0.19).

TABLE 3: Theadsor ption parameter sof Langmuir, Freundlich and Temkin modelsfor PAN-M EA | at different temperatures.

PAN-MEA |
Langmuir Freundlich Temkin
Temperature (°C) K. a R? 1n Ke R? B, K+ R?
25 135 3.177 0.999 0.048 143 0.971 178 438 0.996
40 123 2.876 0.999 0.053 1.39 0.981 -
55 108 2.694 0.999 0.067 1.30 0.989 -
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spontaneity and feasi bility of these processes. Thede-
creasein 4G° vauewith increasing temperaturere-
vedls that adsorption of MB onto PAN-MEA | be-
comemorefavorableat higher temperature.

Thepostivevaueof 4H° further confirmsthat the
adsorption processes are endothermicin nature. The
positivevalueof 45°infersincrease of randomnessat
solid-solution interface during the adsorption of MB
ontheactivesitesof PAN-MEA 1?2, Moreover, posi-
tivevaueof 45° reflectsaffinity of the adsorbent for
MB.

CONCLUSIONS

Inthe present study, theremoval of MB from aque-
oussolutionswasinvestigated by utilizing modified poly-
acrylonitrile. Thisresin has been demonstrated to be
highly effectivefor theremoval of dyefrom aqueous
solutions. Theequilibrium datahavebeen analyzed us-
ing Langmuir, Freundlich and Temkinisotherms. The
characteristic parametersfor each isotherm and perti-
nent correl ation coefficientshave been determined. The
Langmuir isotherm was demonstrated to providethe
best correlation for the adsorption of MB onto PAN-
MEA |. The adsorption of MB onto PAN-MEA |
obeyed pseudo-second-order kineticswith activation
energy +9.45 kJmol?, thisis consistent with the de-
scription of the process as physisorption. The Methyl-
ene blue adsorbed PAN-MEA | aggregated and de-
posited completdy within 30 min.
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