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ABSTRACT: The feasibility of using an dgl’i(ultﬂh\] byproduct, almond shell {Primus duleis), as an adsorbent in vemoval of basic
dyes, namely, methylene blue (MB), methyl violet (MV), and toluidine hlue O (TB), were evalnated in a batch adsorption process,
The adsorption characteristics of MB, MV, and TB onto almond shell (AS) were investigated with respect to the changes in initial
pH of dye solutions, contact time, initial dye concentration, and temperature. The dye adsorption equilibiia were mpui ¥ attained
after 30 min of contact time. The adsorption kinetics were analyzed using pseudoficst-order, pseudosecond-order, Flovich, and
tntraparticle diffusion models and the adsorption data were well desaribed by the pseudosecond-order model. The equilibrium
adsorption data were interpreted in terms of the Langmuir, Freundlich, Tcm%un, and Dubinin - R’«xdubhkevuh {D-R) Isotherm

models, The monolayer adsorption capacity of AS was found to be 51,02 mg-g ™' for MB, 76.34 myg g~

"for MV, and 7299 mg g

for TB by using the Langmuir model equation. The thermodynamic parameters proved that the present adsorption process was
feasible, spontaneous and endothermic in nature in the temperatare range of {5 to 40) “C.

1. INTRODUCTION

The dischaige of dyes and their brezk down products into
receiving waters by many induslries causes ume:mcly toxic effects
to aquatic life even at low concentr ations.’ In patural streams,

dyes may inhibit the growth of biota, have a tendency to chelate
metal ions that produce microtoxicity to fish and other organisms,
and interfere with transmission of sunlight into stleams hence
reduce light penetration and photosynthetic activity.” Further-
more they may be mutagenic, teratogenic, and carcinogenic and
carse many health disorders to human beings such as dysfunction
of the lqd;:ey,u,pioduuuve system, Hver, brain, and central nervous
system, D}res can be classified as anjonic {direct, acid, and xeaclwc
dyes}, cationic {basic dyes), and nonionic (disperse dycs)

The basic dyes are widely used to color silk, ]eathel plastics, and
paper and also to produce ink and copying paper.” Because of the
common utilization of these types of dyes in industial applica-
sions, we have aimed to remove methylene blue (MB), methyl
violet (MV}, and toluidine blue O (1B}, as model basic dyes, from
aqueous solutions in the present study. Because their complex
chemical structure makes them very stable to fight, many chemi-
cals, oxidizing agents and heat, the decolorization of dyes is very
difficult by using conventional wastewater treatment techniques
including coagulation, ﬁmmlatmn, biological osidation, and che-
mical precipitation, etc.™® On the other hand, the development
of adsorption techniques provides a powerful alternative for the
removal of dves and also other pollutants from industrial waste-
waters, Iy recent yeats, sever al nmlon'és and then activated carbon
like Llay, tree leaves,® coconat coir,” li{anm, ¥ sinfactant-modified
seolite, ! rice busk ash, ' wheat straw,”? etc. have been evaluated as
adsorbents for the vemoval of dyes and other pollutanis rom
wastewaters,

Agricultural and forestry products such as almond shell,
maize cob waste, wood sawdust, and sunflower seed hell, ete.
have great potential to be used as adsorbents since they contain
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polysaccharides and proteins having mnuux functional groups
such as carboxyl, hydroxy] and phosphates.”™ The almond shell
(AS) is widely distributed i Turkey such that the annual
production of AS is on average 30 000 tons in Turkey.” St was
selected as an adsorbent for the removal of MB, MV, and T8 dyes
[rom aqueous solutions since it is found abundantly in nature and
is cheap as compared to other adsorbents such as activated
carbon or inorganic substances used in adsorption processes, and
algo it has no unmeant industeal use. ¥ The AS was used in
this study without any p%wsm.ﬂ or chemical pretreatment. Jts
utilization without any previous activation treatinent is one of the
significant features of this study with respect to a decrease i the
cost of the adsorption process.

The main objectives of this paper were to {1} study the feasibility
of using natural AS as an adsorbent in vemoval of MB, MV, and
TB; (i) evaluate the various experimental pavameters affecting
thie adsorption process including initlal pH of the aqueous solu-
tlon, contact thne, mitial dye concentration, and temperature;
(i1} evaluate the usefulness of various linetic models (psendotivst-
arder, pseudosecond-order, Elovich and intraparticle diffusion
models); {iv) detetmine the applicability of isothern models
{Langmuir, Freundlich, Tenakin, and Dubinin-Radushkevich);
(v} decide the spontaneity and thermaodynanmic feasibility of the
adsorption process with respect the thermodynumic parameters

{(Gilshs energy {AG), enthalpy (AF )} and entropy (AS)).

2. MATERIALS AND METHODS

2.1. Preparation of Adsorbent. The AS (}" duleis) was
provided from z local market in Turkey and used without any
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Table 1. Plysical and Chemical Properties of AS Used in the
Experiments

parsmeters

Spppim®g 020
C 4727
H [
N 3.20
N o014
o 46.10
ash content/ % 0.20
water-solable ccm'}mr\enl‘si’f"‘« 0.50
metsture content/ % 748
pH 540
PHpe 450
surface functional groups/mmol-g ™"

carboxyiic 0.0
phenolic 2,76
factonic ‘ £i4
total acidic value 4.50

* By difference. " Dry basis.

additional activation pretreatment except for washing and sieving
to desived particle sizes. For preparation of AS for the adsarption
experiments, it was washed with deionized water several times
ta remove surface impurities then dited for 4 days at 40 “C. The
dried AS samnples were ground in a blender and sieved to obtain
a particle size of <150 ¢im and stored in glass containezs. The
surlace functional groups of the natural AS were delermined
by utilizing Fourer tansform infrared speciroscopy {FTIR)
in our previons study.'” Furthenmore in the present study the
FIIR spectra of the AS after adsorption and desorption of dye
molecules were recorded between (400 and 4000) em™' in a
Perkin-Elmer 1600 FTIR spectrometer in order to evaluate the
changes in the band intensities. The specific surface area 0f AS was
determined from the Ny gas adserption isotherm at 77 K using a
Quantachrome Corporation, Autesorb-1-C/MS model specific
surface area analyzer. Elemental analysis of AS was performed on a
LECC CHNS $32 model apparatus, The surface acidic functional
aroups containing oxygen were determined according to a Boehm
gitration'” and other characterization parameters were determined
using standard methods™ and are listed in Table 1.

2.2. Adsorbates. The basic dyes, MB (Figure 1a; Ck 52015
chemical formula: C o, «CiNGS; molecudar weight: 31986 g+
mol ™!, maximum wavelength: 662 nm), MV (Figure 1b; CE
42535; chemical formula: CpsH 5 NaCh molecular weight: 393.96
grmol” " maximuom wavelength: 584 nm), and TB (Figare 1¢; CT:
52040; chemical formula O M gCINGS; molecalar weight:
305.83 g+ mol ™!, maximum wavelength: 626 mn) were purchased
from Sigma-Aldrich and were not purified prior to use. The stock
dye solutions were prepared (5000 mg L 'Y in deionized water
and the required concentration of working dye solutions were
prepared by appropriate dilutions of the stock solufions.

2.3, Adsorption Experiments, For the adsorption expert-
ments, the initial pH values of the dye solutions were adjusted to
8.0 by using either dilate HCI or NaOH solutions. The adsorp-
tion tests of the basic dyes onto AS were studied by using a batch
process by mixing 100 mg of AS (10g-L” Y with 10 mbL of dye
solution over the concentration ranges of (100 10 1000} mg-1.” ;
in polyethylene centrifuge tubes. The mixtures were agitated ata
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Figure 1. Chemical structure of {ay ME, {b) MV, and {<) 1B,

speed of 400 rpm on a mechanical shaker (Edmund Bihler
GmbH) for 30 min to reach equilibrium, Afer equilibrivm, the
adsorbent was separated from the dye solutions by filration
using 045 stm nitrocellulose menmbranes (Sartorius Stedim
Biotech, GmbH) and the remaining concentration of dyes in
the filtrate were determined by using a double beara UV-vis
spectrophotometer {(Unicam-UV 2} at wavelengths of 668 o
for MB, 586 nm for MV, and 630 mn for TB. All of the
experiments were performed in triplicate to check the reprodu-
cibility of data and the averages of the results were used for data
analysis. In the presented adsorption method. the relative
standard deviation (RSID) was obtained after analysis a series
of 20 replicates by contacting 10 mL of 100 mg-L ol dye
solution with 10 g+ L7 of AS suspensions, individually, under the
aptimam experimental conditions. From the resuits, RS> values
were found to be 6.5 % for MB, 3.0 % for MV, and 4.6 % for TB,

The concenlration vetained in the adsorbent phase {g, mg- g~ "
was calealaged by using the following equation:

(Co e GOV

i

G = {1

C, (mg-1. "} is the initial dye concentration, € {mg-1. Y is the
equilibrium dye concentration in the aqucous sohition, V (LYisthe
volume of solution, m, {g) is the mass of the adsorbent, and g,
{mg'g” B} is the caleulated dye adsorption amount on AS.

3. RESULTS AND DISCUSSION

3.1, Effect of Initial pH. Previous research has shown that the
adsorption of dye molecules onto an adsorbent is highly pH
dependent since the functional groups, which are responsible for
interaction between dye molecules and adsorbent, can be pro-
tonated or deprotonated to produce diffevent surface charges in
solution at different pH values.” Therefore the effects of initial
solution pH were studied in the pH range of 210 for MB and
TB and 3— 10 for MV, The percentage removal increased from
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Rigure 2. Liffect ()fmnml pI on dyes uptake by AS (initial MB, MV, and
TB concs 100 mg-L7", AS conc: 10 g+ L , contact thme: 30 min,
Tabeling: &, MB; @, MV; 4,TB),

56 % to 96 % for MB and 69 % to 92 % for TB when increasing
the pH from 2 to 8 and from 8¢ % to 92 % for MV when
increasing the pH from 3 to & The adsorption amount was
approximately constant jn the pH range of 810 for MB,
whereas it decreased slowly after pF & for TB and MV (Figure 2).
‘The pHpzc of any adsorbent is & very important characteristic
that determines the pH at which the surface has pet electrical
feuabeality. [t s well-known that for basic dye adsorption, negative ly
charged groups on the adsorbent are necegsary. Attower pH vales
{(pH < pHypy) the surface charge of the surface of AS may get
posttively charged as a result of iwmé, surrounded by H,O™ jons
and thus the competitive effects of H30" iong as well as the
electrostatic repulsion between the d}fe molecules and the posi-
tively charged active adsorptian sites on the surface of the AS lead
to a decrease in the uptake of dye molecuies, In contrast at higher
pH values {pH > pHpge) the surface of AS may acquive a negative
charge leading o an increase in dye uptake due to the electrostatic
force of attraction, Because the pHypye- value of AS was found to be
4.90, the cationic dyes can bind easily to the surface of AS, atapH
value higher than 4.90. On the other hand no valid reason can be
given for the decrease in the adsorption amount of TB and MB
after pH 8.4, Similar results were obtained for the adsor, ptzon of
malachite green onto fresh water algae {Pithophora sp) ™ As a
result, the initial pH value was optimized as 8.0 for all three dyes.
3.2, Effect of Contact Time and Adsorption Kinetics.
Figure 3a--¢ illustrates the effects of contact time on the
removal of MB, MV, and T8, respectively, for different initial
dye concentrations. The changes in contact time exhibit approxt-
mately the same effects on the three dyes. Because of the uiilization
of the readify available active adsorption sites on the AS surface,
the adsarption of dyes was rapid for the first 15 min for afl the
investigated initial dye concentrations. Thereafter it continued at a
sfower rate and finally reached equilibrium as a result of saturation
of A surface sites, For all three dyes, at all of the studied initfal dye
coneentrations 3 sufficient contact time was determined as 30 min,
The adsnrplmn mechanism of MB, MV, and TH onto AS was
evaluated by utilizing commonly used kinetic models including
the pseudofirst-order, pseudosecond-order, Blovich, and intra-
particle diffsion models.
The pbc,udoﬁwt order model is generally applicable over
the initial stage of an adsorption process. The model has the
foliowing form:”

dg
dt

s kilde - g (2}
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Fiure 3. Effect of contact time on the adsorlptmn of (a) MI, {b) '\-[V
and {c) T'B (initial pH: 8.0, AS cone, 10g. L7, Jabeling: @, W0 mg L™
A4s0mgl La, 750mg L O, 1000 mg L )

where g, {mg-g™ ") and g, {mg- ¢ ) are the amounts of the dyes
adsorbed on the adsorbate at egwlibrivin and ab any time f,
respectively, and k) (min ") is the rate constant of the firgt order
adsorption. After integration and applying boundary conditions
ge=0at t=0and g =g, at t = fthe integrated form of eq 2 becomes

ifge ~ g} = Ingo = kut i3)

A straight line of In(g, — g) versas £ suggests the applicability
of this kinetic model and g, and k; can be determined from the
intercept and slope of the plot, respectively.
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Journal of Chemical & Engineering Data

The pseudosecond-order model assumes that the rate limiting
step i chemical sorption or chemisorption and pledlcts the
behavior over ihc whole range of adsorption. Fhe model is in the
following form:”

ﬁq 5
o kylge ) 4
di = kolge q.) { )

where k, (g-mg”‘“min "1 is the rate constant of the second-
order equation, g, {mg- g} is the maximum adsocption capa-
city, and g, {mg-g” Y is the amount of adsorption at time ¢ {min).
After defnite integration by applying the conditions g, = Qat £=0
and g, = g, at ¢ = 1, eq 4 becomes the following;

{ ¥ £

e el 53
& kag® g (

If second-order kinetics is 1pphcabh', a plot of /4, against ¢
gives a straight line and g, and k; can be obtained from the slope
and intercept of the plog, respectively.

The Elovich model is usefid for energetically heterogeneous
solid surfaces and is given in the following equation:™

VB (o +1/8 Int {6}

where o (mg-g"-min""} is the initial sorption rate and fi
{g-myg’ Y is related to the extent of surface coverage and the
activation energy for chemisorption, H MB, MV, and TB
adsorption onto AS fits the Elovich madel, plots of g; versus
in(t) shouid give a linear relationship with aslope of {1//3) and an
intercept of (1//} In{ad).

The kinetic constants were obtained from the slope and inter-
cept of the plots of Ia(g, — g,) versus ¢ (pseudofirst order), t/4,
against ¢ (pseudosecond order), and g, versus Wn{t) (Elovich
model) and are '.,wuz in Table 2. For the pseudofirst order model,
the obtained R* values were relatively Jow and the cateolated g,
values (g ) were ﬂlu(]] Tower than the experimental values of g,
(Goosp)-Also the small R values obtained from the Elovich model
suggested that it was not appropriate to use for the prediction of the
kinetics of MB, MV and TB adsorption onto AS. On the other hand
the psendosecond order model had g,qy values that agreed very
well with the g, ., values and the R values were closer to unity for
all three dyes at different initial concentrations. Hence the pseudo-
second order mode! i5 suitable for describing the adsorption
kinstics of MB {Figure 4a), MV {Figure 4b), and TB {Figure 4c)
onto AS. This suggests that the present adsorption process is a

chemisorplion process involving exchange or sharing Gi clectrons
between the dye cations and functional groups of A
The intraparticle diffesion model equation is expressed as’

Je = kgt e {7

where . (mg-g ) is the amount of sorption at time t (e} and &y
{mg-g "+min %) is the rate constant of the intraparticle diffusion
model. The magnitude of C gives an idea about the thickness of the
boundary layer such that high values show a large effect of the
boudary layer. The plot of g, versus £ 7~ may present multilinearity
indicating that any adsorplion process takes place in three main steps.
T'he first portion is attributed to the transport of adsorbate molecules
from: the bull solution to the adsorbent external surface by diffusion
through the boundary layer (film diffision). The second portion
describes the diffusion of the adsorbate from the external surface into
the pores of the adsotbent {pose or intrapasticle diffusion}. The last
step is relevant to the adsorption of the adsorbate on the active sites
on the internal surface of the pores. The last step generally ocours

rapidiy thus the overall adsorption should be controlled by either fi lm
or pore diffusion, or a combination of both. IF plots of g, versus i
pass through the origin, pore diffssion is the only rate limiting step; if
not it is considered that the adsorption process is alse controfled by
film diffasion in some cases.” >’

By evaluating the Intraparticle mass transfer curve of the three
dyes for different initial dye concentrations, it was observed that
the MB, MV and TB adsorption processes were found to follow
two distinet phases which were flm diffusion (first stage} and
intraparticle diffusion (second str.p) The minpmnw rate con-
stants fov the first phase (ki{, and second phase (l’((g{;) and ¢
parameters were obtained from the piot of g, versus 7" and the
results are given in Table 2. For all three dyes, by compasing the
rate constants, the lowes values of kg than kg, mdsc,\iimg, ; that the
rate limiting step is intraparticle dlf‘iuslon The C values, obtained
from the infercept of the g, versus ¢ * plots, dicate that the line
did not pass through the ovigin hence itraparticle diffusion is not
the only rate limiting mechanism. In the light of these results, it can
be concluded that the adserption of MB, MV, and TB onto ASisa
complex process and both intraparticle diffosion and swnface
sarption contributes to the rate-limiting step.

3.3, Effect of initial Adsorbate Concentration and
Adsorption isotherms. The effects of initial dye concentration
on the adsorpiion process were evaluated by varying the initial
dye concentrations in the range of {160 o 1000} wmg-L
(Figure Sa—c). The amount of adsorbed dye cations per unit
mass of the AS increased with increasing initial dye concentrations.
"T'his is because the initial dye concentration acts as a diiving force
to overcome inass transfer resistance for dye transpor between the
aquecus sofution and the surface of the AS. Also the increase in
initial dye concentration enhances the interaction between the AS
and dye cations. However, as a result of saturation of the active
adsorption sites on the AS surface at higher dye concentrations, the
adsorption percentages decreased for .Ali thiee dye cations.™

Adsorption isotherm models provide useful data in order to
understand the mechanismy of the adserption process, to
describe how an adsorbate interacts with an adsorbate and to
evaluate the applicability of the process, The Langmuir, Freun-
dlich, Temkin, and Dubinin—Radushkevich isotherm models
were used to describe the relationship between the amount of
dye cations adsorbed onto the AS and their equilibiium con-
centrations in aqueous solution,

The Langmuir isotherm mode! predicts the existence of
menolayer coverage of the sorbares such that when an adsorption
site on the adsorbent surface is occupied by a sorbate, wo further
sorption can take place at this site. The model is based on the
assumption that adsorption takes place at specific homogencous
sites within the adsorbent and there is no interaction between the
adsorbed species. The model has the following form:™

b c“,

qe = ()

where g, (ing- g Y is the amount of the dye cations adsorbed per
unit mass of adsorbent, C, {mg 1. '} is the equilibvium dye
concentration in agueous solution, and ga,,. {mg-g ') and kb
{Lomg ") are the Langmuir constants related to the adsorpiion
capacity and free energy or net enthalpy of adsorpticn, respec
tively, The Langmuir model in linear form is

L

4e

I

qum 1

Hen
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Table 2. Kinetic Mode! Parameters for Adsorption of MB, MV, and TB on AS

M

peeundotirst-order peudosecond-order

Cfmg-1" PR oy fmin Geenfmgeg” R* oy /g g nin Grearmgg” R¥
100 993 =072 8,74 0.6027 2500 L0 L9999
450 33.06 - (LO38 .54 0.53801 0.023 3322 Q9996
Z50 42,75 Q07 1305 Q.8706 0023 330 V94599
100 320 - 054 3.73 06209 0.035 RIRAY (.9999
intraparticle ditfusion model Elovich model
Cofmg 1! kgsdmg-g™ omin -2 & Lgaitgeg™ - min” i B C fBigrmg! aimyeg” omin e
100 0.118 0.8998 Q007 DYY3 9.40 0.304 502 %107 0.9194
450 1.516 09623 (.288 0.8634 26.52 1.664 286 % 1Y QG697
750 2147 09714 69 0.8885 3440 2378 §45 10} Q8508
i o 2423 09236 0217 0.0903 4420 1786 4 s 0.8439
Y
psesdofisst-order pseudosermut-order
Co/mg- L7 Qop/mgeg”’ Ty feain Goenimgeg R kafgmag™F omin * Gantfmge g R
4 A - Q068 0.54 05131 0.940 G997 Q4999
430 44,18 - OL40 583 G.4069 D042 44.25 09990
TE) 68.73 {0,083 17.94 8775 0.024 6856 09909
1200 7338 ~Q.068 2L82 D872 0.013 T407 0.9999
intraparticle diffusion model Elovich model
¢, fmg- L ki fing g min T s T B C Bigeme™! afmgeg” omin™! bl
10 @.102 09745 0.007 09903 9.71 Q076 123 0™ 0.89065
450 1.553 07063 0,183 0.7498 4000 1162 363 < 0" 5161
750 586 08553 0.242 Q7072 §7.50 3757 L83 5 igt Q7785
1300 3.363 09717 3.378 Q5032 58,14 4542 150w 10t 09316
B
pscudofivst-order pseudosecond-arder
; Cy/mget, ] Do/ mgeg ! i i ! Gecafmg-g ! L kpfg-mg” " omin Geen/mgog | i
: 10 .81 0.4 0.74 23420 0.37% G851 {19992
: 4350 $3.59 0.084 16.71 Q8659 0017 b b D99%
TS 61.90 -~ (047 26.87 (.8226 0007 6280 0.9997
[ ERER] ~0.044 1665 Q624 0044 THI3 (19990
intraparticie diffusion madel Elovich model
Cofmge L ! bgafmg-g temin 2 » baa/mgeg omin 7 & c Blgomy wimg-g omin 7
; 100 IR ¥ 3 G3.6881 0.033 39099 9.41 BAGE 128 . 1 GR408
g 3718 Q9628 0072 4.9992, 3192 1610 290 < 30° 49224
750 6013 Q9718 0714 09989 .26 6.251 A 07 (U706
R0 3322 0.9869 Q.629 09856 0427 3061 S92 % 1 Q9670
The Langmuir model constants, gu,, and b, can be caleslated separation factor or equilibrium parameter. Ry can be caleulated
from the slope and intercept of the linear plot of C,/g, versus C,, using the following equation:”
respectively.
The essential characteristics of the Langmuir isotherm can be Ry, = (101
expressed by means of Ry ” & dimensionless constant, called the i
2140 dx.daingf 101024550 11206 W, Chers, Eng. Croea 2011, 56, 71362147
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Figure 4. Pseudosecond order kmetac model for ( )MB {b} ’v{\’ and
() 'TB {labeling: ®, 100 mg L7 A, 450 mg L7 A, 750 mg L7 L,
1000 mg 1, ).

where (ﬂ, (mg-L' 'Y is the initial concentration of sorbate and b
(L-mg™") is the Langmuir constant described above. There are
four possibilities for the R; value:

o for favorable sorption 0 < Ry, «
s for unfavorable sorption Ry » i
= for linear sorption Ry =1

o for irreversible sorption Ry =

The Freundiich isotherm model assumes that the adsozption
takes place on heterogencous surfaces which have drﬂu ent
adsorption energies. The model has the foliowing for e

g = KeC" (1)

where Kpis a constant related ta serption capacity (mg- g~ Y and
1/#is an empirical parameter related o sorption intensity.
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MY uptakesemg g {¢) Bffect of initial T8 concentration {AS cona.:
0g-L” | labeling: &, 1B uptakes %; &, TB uptake/mg g s

The Freundlich model in linear form is
1 S
In g, = ln Ky 4+ ~in C, (12]
5

The Freundiich constants, K and 1/7x, can be determined from
the tercept and slope of linear plot of In g, versus ln €,
respectively.

The Temkin isotherm model assurces that the heat of
adsorption of all molecules decreases linearly with coverage

2141% e dedong/ 10,100 18 1012041 1. Cham, g, fna 2011, 56, 21362147
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due to adsorbate/adsorbate interactions. The Temkin isotherm
n ' 34
is given ag®

g = RT/b{In AC,) (13}

B = RT/b (14)

where B Q"mrﬁ”"‘} is the Temkin constant related to heat of
adsorption, 4 (L-g"') is the equilibrium binding constant
correspondmg to the maximum binding enerxy, R (8314
J-mol 'K by the universal gas constant, and T (Kelvin) is
the absolute solution temperatare,

The Temkin model in linear forn: i8

e = Blin A3+ B{ln ) (15)

The Temkin constants, A and B, can be determined from the
mtercept and slope of linear plot of g, versus In G, respactively.
The Dubinia~Radushkevich (D-R) isotherm model gives an
ides about the lype of the adsorption. The model is given as

follows:™*
4o = g 0xp( - %) (16)

where i, (mol-g ') is the amount of dye adsorbed per anit mass
of adsarbent, gy, (moi-g"’i) is the monolayer adsorption capa-
city, 2 (mal® k) Y is the activity coefficient related to the mean
sorption energy, and ¢ is the Polanyi potential and can be
calenlated by the following equation:

o IKT lﬂ(l { i/’("@) (17}

where C, (mobL”l) is the equilibrium dye concentration in
aquecus solution. The mean adsorption energy, E {Jrmol™),
gives information about the mechanisms of the adsorption process.
T Evalue lies between (8 and 16) k- moi ™ the adsorption process
takes place chemically, whereas when B < 8 & mol ”i, the
adsorption process proceeds physically.™ The ¥ value can be
calculated using the following equation:

E = 1/(~ z[j)‘-':?' {18}
The linear form of D-R isothern model is expressed as
Inge = gy, — f {19)

The D-R medel constants, g,,, and /3, can be determined from
the intercept and slope of linear plot of In g, versus &,
respectively.

The experimental equilibrium data of MB {Figure 6a), MV
(Figure 6b), and TB (Figure Gc) were compared with the
theoretical equilibrium data obtained from the Langmuir, ¥reun-
dlich, Temkin, and Dubinin—Radushkevich isotherm models.
The isotherm constants were calculated by evaluating the
linearized form of the models (figures not shown ). All of the
isotherm constants and correlation coefhcients are given in
Table 3. The adsorption capacity of AS was found to be 51.02
mgrg” for MB, 76.34 mg'y ' for MV, and 7299 mg-g"' for
TB by using the Langmuir model equation. The adsorption
capacity of AS was compared with the adsorption capacities of
other adserbents in the literatare,"*** " and the comparative
data are given in Table 4. In most cases the adsorption capacity of
AS was found to be better than the other adsorbents reported in
the literature. The Ry, values ranged from 0.28 to 0.04 for MB,
from 0.18 o 0,02 for MV, and from 0.17 to 0.02 for TB, between
{100 and 1000} mg L.~ ! of indtial dye concentration, indicating
that the MB, MV, and TB adsorption onto AS is favorable under
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Figure 6. Comparison of equilibring isotherms between the experi-
mientat data and theoretical data for (2} MB uptake, (B) MV uptake, and
{¢) T8 uptake (fabefing: O, experimental; -, Langmuit; - - -, Freondlich; -,
Temking ~ -, Dubinin ~Radashkevich).

the studied conditions. Tn addition, the low Ry, values implied that
the interaction of dye molecules with AS might be relatively
stl'oz\g."S The Freundlich isotherm constant, . gives an idea for
the favarabiliey of the adsorption process. The value of » shoudd be
lags than 10 and higher than unity for favorable adsorption condi-
tons, As can be seen from Table 3, the i values for MB, MV, and TB
were in the range of |~ 10, indicating that the adsorption is a
favorable process. By evaluating the D-R isotherm model, the mean
adsorption energy, E, values were found to be 16,67 k[ -mol” ' for
MB, 1443 k] -mol ™' for MV, and 12.13 k] - mel " for TB, saggest-
ing that the adsorption mechanisms of MB, MV, and T onto AS is
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Fable 3. Langmuir, Freundlich, Temkin, and Dubinin
Radushkevich {D-R) Isotherm Parameters for the Adsorption
of MB, MV, and TB on AS

type of dye

MB MV ™"
Langmuir isotherm moded
Guoae/ G E $1.02 T6.34 7199
Bilomg © 0026 0043 0048
? 05769 09813 0.9951
Frgundlich isothermy model
Kefoagep ' 11.36 1337 9.08
i d. 34 3.24 2.56
I 3.9961 09996 09545
Tenrkin isotherm modal
Ay T3 3.66 0.9¢
o 5.43 9,36 1223
b7wol ! 45630 259.16 2258
e 09185 (39259 19891
1R isotherm modet
geofmgeg ! 7153 148.09 PASIES
HkE el ! o.0018 00024 00034
Ekf-mol” 16.67 443 12.13
ik 08777 09916 09810

chemical in nature. By comparing the corrdation coefficient values
obtained from the Langmuir and Freundlich isotherm models, it can
be concloded that the Langmuir isotherm model is more suitable for
TR while the experimental data obtained for MB and MV adsorp-
tion were fitted well by the Freundlich isotherm model. This may be
due to beth homogeneous and heterogeneous distribution of active
sites on the surface of the AS,

3.4, Effect of Temperature and Thermodynamics of Ad-
sorption. The adsorption experiments were carried out ag (5,15,25,
and 40) °C in order to investigate the effects of temperature on the
adsorption of MB, MY, and TB onlo AS. A slight increase was
obtained in the adsorption amaunt of all three dyes with inCIT'L‘.ﬂS.'lI‘I%
temperature, The adsorption eficiency increased from 9.5 mg g
(950 % removal) £0 99 mg-g¢ " (990 % removal) for MB, from
134 mgrg™ {893 % removal) to 146 mg ¢’ 1 {97.3 % removal)
for MV, and from 185 mygrg ' (92.5 % remowal) to 197 mgeg '
{98.5 % removal} for TB, when the temperature was increased from
{5 to 40) *C. Figure 7a indicates that the adsorption process of dye
cations was endothernic in nature, 1t is well-known that the diffusion
rate of the adsorlsate molecules across the external boundary heyer
and in the inleral pores of adsorbent particles inereases and viscosity
of the agueous selution decreases by increasing the temperature of
the adsorption medium.” On the other hand, previous vesearch
based on the adsorption of methylene blue by invasive marine
seaweed, showed that the adsoq)tion amount of MB was not affected
by increasing the temperature. 6

The thermedynamic parameters including Gibbs energy
{AG), enthalpy (AH), and entropy (AS) have a significang role
in determining the feasibility, spantaneity, and heat change of the
adsorption process. These parameters can be caleulated using the
following equations:47

AG = —RTin Ky {200

where R is the universal gas constant (8.314 J moi” LY,
T is the temperature (K), and Ky is the distiibution coeflicient.
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Table 4. Comparison of Adsorption Capacities of Different
Adsorbents Reported in the Literature

adsorption capacities/imngrg !

adsorbent MB AY TR rof
mansonia wood sawdust 177 &
granular activated carbon 930 37
bagasse fy ash 202 38
Pesidonia veceniva (L) fibres 5.0 26
rice husk 40.6 a9
neer leaf powder 83 a0
sotr pith activated carbon 39 o+
cathon nanotubes 3540 BT 43
Lypsun 20 43
Turkish zeolite 642 44
almond shel} 510 63 730 this work
(i)
20 1 —
L J— e [
o
BT
b g
%‘; e
kS
5 T 1 : T
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'I'cmpc'r;il‘urct’“('f
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Figure 7. (a) Bffect of semperature on dyes uptake (initial plt 80,
inital MB cone.: 100 mg- L7 ' initial MV cancs 150 mg- L ' initial TB
cone. 200 mg- L A8 conc: 10g- LY, contact times 30 min, labeling:
A, TB; O, MV; @, MB). (b) The plot between In Ky vorsus 177 for
obtaining the thermodynamic parameters {labeling: &, T G, MV; 8,
MRB).

The K value was caleolared using the following equation:
3 4 4

Ky = g0/ Ce {21)

where g, (mg-Lﬁ"") and C, {mg-].f'") are the equilibriom
concentration of dye cations adsorbed onio AS and remained
in the salution, respectively, The enthalpy (AFH) and eniropy
change (AS) of adsorption were estimated from the
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Table 5. Thermodynamic Parameters of MB, MV, and TB
Adsorption on AS at Different Temperatures

thermodynamic constants

G Ko AGAE-mol™ AS/Jmol " H KT AH/R) - mol ™' )

MB 5 154 - 685 2410 GO0
15 4682 - 9.20
25 14186 1128
W 33233 1511

MY 5 1w - S 104.37 2526
IS 1264 - 6.07
8 1567 - 082
40 3630 -850

TR S 1233 - 581 14405 5423
IS W 34 3
EATI Y X - 8.61
40 6367 1089

* Measured between 278 and 313 K.

following equation:

AG = AH —~ TAS (22}
This equation can be written as
AS  AH
nKg = e 23)
PR TRT #3)

AH and AS were calculated from the slope and intercept of the
van't Hoff plot of In K versus 1/T, respectively (Figure 7h). The
thermodynamic parameters for the adsorption of MB, MV, and
TB onto AS are given in Table 5. The negative values of AG, in
the temperature range of {3 to £0) °C, for all three dyes, suggest
the feasibility of the process and spontancous natore of the
adsorption of MB, MV, and TB ento AS while the positive value
of AF indicated the endothermic nature of the adsorption which
was also supporied by the increase in amount of dye uptake of the
adsorbent with a rise in temperature, The positive value of AS
reflected the good affinity of MB, MV, and T8 toward the AS and
the increased randomness at the solid/solution interface during
the adsorption of MB, MV, and TH onte AS,

3.5. Desorption and Reusability without Regeneration.
Desorption of the adsorbed dye ¢ .1ti(>ns from AS was studied ina
batch system. First step, 10 g-L™' of AS suspensions was
cquilibrated with 10 ml of 100 mg-L"™" initial dye solutions at
pH 8.0, individually. After reaching equilibrium the AS was

separated by filtration then the equilibrium concentrations of

the dyes in the filtrates were determined by UV-vis spectro-
photometer. Secondary step; after washing the dye loaded AS
with deionized water several times to remove the surface residuad

dye cations, It was treated with 10 ml of different types of

desorption solutions by agitating at 400 rpm for 30 min, For MB
and TR, 0.5 M HCL in 60 % {v/v) methanol was selected as the
best desorption solution, while for MV, 1 M NaClin 60 % (v/v}
methanol exhibited the best desorption efficiency (Table 6}, By
comparing the FTIR spectrom obtained afer adsorption of MB,
MV and TB outo AS (Figure $a} and after desorption of dye
molecules (Figure 8b), it Is important to notice that the band
intensities increased after desorption of Lhe dye molecules,

The adsorption experiments were performed to test the reusa-
bility of MB, MV and TB loaded AS without regeneration by

Fable 6. Desorption Efliciencies of Different Types of

Desorption Solutions

types of desorplion solutions

methanol {30 %, v/v}
acetone {50 %, v/v)
1 M NaCl

1 acetic acid

desorption efficencies/%

MR MV

R T R R i)
378409
(30402
601 k2.0

T

208 AT L2
236420

2144

1 M NaClin methanol {60 %, v/v) ROk LT :
0.5 M NG, [REAE ] 32402

0.5 M HNO, in methanol {60 %, v/v)
1M HNO,

3.5 M MGl

0.5 M HCL in methanol {60 %, v/v}

(0.1 1.8

Table 7. Removal of MB, MV, and TB in Stream and Sea
Water”

stream wates SO WALer

added/ug Co/py g /ug % removal Cllog qofzeg % removal

MB 0 ND NLy
2500 6dck 1L 2430 974 179
500 130k O 48R0 EERY
MV 0 ND
250 127408 2372 94.9
SO0 194 % L3 4806 961
TR G ND
250 139k 03 234 936 18- % 19 2316 6
500 226 R OB A7 93.5 38 B 46AD RERY
* Initial pH: 8.0, sample volame: 25 ml, AS concentration: 10 g- L "

o3 2321 928
o AR T 213

B ALY 2357 943
REE g usA

contacting dye solutions (initial concentrations of 100 l‘ng-].‘."")
with 10 g-L™! of AS suspensions, individually, After shaking for
30 min, the dve loaded AS was separated and then treated with
another 100 mg-1,"" of dye sohation. The process was repeated
five times. The largest adsorption amount of MB (967 %
removal), MV (98\ % removal}, and TH (96.8 9% removal)
was obtained with fresh AS {first cycle), and in each of their
subsequent loading the adsorption capacity of AS decreased.
After cycle §, the adsorption amount Df MB was 210 mg-g
{21.0 % removal}, MV was 1,29 mg- g~ {129 % removal), and
TR was 4.33 mg'gﬁ‘.@-&.} % removal). The results sugpested
that already used AS can be applied for MB, MV, and TB
adsorption at least five times without regeneration.

3.6. Application to Real Sampies. In order to ewaluate the
applicability of the present removal process based on the adsorp-
tion of MB, MV, and TB outo AS, the procedure was applied to a
stream {Degirmendere, Trabeon/Tukey) and seawater {Black
Sea, Frabzon/Turkey) ag real Bouid samples. For that purpose
the water samples were filtered dhrough 3 cellulose membrane of
pare size 0.45 g and coflected in prewashed (in turn with deter
gent, doubly distilled /deionized water, dilute HNQ;, and deubly
distilled/defonized water) polyethylone bottles, The water sam-
ples were collected daily. Prior to dye analysis the pti of the
samples was adjusted to 8.0 and the proposed procedure given in
section 2.3 was applied to the samples, Different amounts of dye

cheafolargd W02 14 101204) 1, Chan, Eng. fera 201, 56, 2138 2a¥
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Figare 8. (2) FLIR spectra of MB, MV, and TR loaded AS. {b} FTIR spectra of AS after desarption {labeling: « <+, MV; ., TB; -, MB).

species were alo spiked into these samples and good removal
efficiencies were obtained for all three dyes (Table 7).

4. CONCLUSIONS

‘The adsorption processes require use of adsorbents which are
low cost, easily available, and possess high polutant uptake
capacity, Hence we have aimed to assess the potential utilization
of AS, which is an agricultural byproduct, in removal of highly
roxic and water-soluble basic dyes, MB, MV and TB from
agueous solutions. The present study offers two major advan-
tages {f} The AS is an agricultaral waste material so this waste
represents unused resources and also presents serious disposal

problems. (i) The AS was used without any previous activation
treatment which decreases the adsorption costs.

The adsorption characteristics of MB, MV, and TB onte AS
were evaluated in terms of equilibrium, kinetic, and thermody-
nanic parameters, The adsorption kinetics was predicted by the
pseudosecond order model. As a result of the thermodynamic
evaluation of MB, MV, and TB adsorption, the obtained negative
AG values reveated that the adsorption of MB, MV, and TB onto
AS was thermodynamically feasible and spontaneous, the positive
values of A suggested the endothernic natare of adsorption, and
the positive values of AS indicated the increasing vandomness at
the solid/solution interface during the adsorption process,
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On the basis of all results, it can be condluded that natural AS
can be used effectively in removal of MB, MV, and TB from
aqueons solutions using the described adsorption process,
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