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ABSTRACT

Methylene blue (MB) in aqueous solutions was subjected to color removal by the adsorption
technique onto grinding Salix leaf (GSL) as agricultural material. Results obtained indicate
that the removal efficiency of MB at 30°C reaches 99% and that the adsorption process is
highly pH-dependent. The results fit Langmuir model adsorption of MB on GSL, verify the
assumption that the adsorbate molecules could be adsorbed in one layer thick on the surface
of the adsorbent. A comparison of kinetic at different conditions showed that the pseudo-sec-
ond-order kinetic model correlates the experimental data well. van’t Hoff equation was used
to evaluate the thermodynamic parameters (AH, AS, and AG), which indicate that all adsorp-
tion processes are exothermic, and this is agreement with the stability of adsorption capacity
with temperature, chemically in nature, and spontaneous.
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1. Introduction

Contamination of surface and ground water with
synthetic dyes is serious environmental problem that
causes threat to human being and aquatic life. Colored
wastewater is an important environmental problem,
as it impedes light penetration and retards the photo-
synthesis, increase COD and BOD levels of aquatic
sources [1]. Due to their aromatic structure and syn-
thetic origin, most of the dyes are stable to the photo-
degradation and biodegradation. Among the
techniques employed for the scavenging the dyes are
chemical precipitation, adsorption, ion exchange, pho-
todegradation, biodegradation, membrane filtration,
and reverse osmosis [2].

*Corresponding author.

Often when one envisions a quiet body of water, the
graceful, elegant form of a Weeping Willow is seen at
the water’s edge, the long, light green, pendulous
branches reflected in the water, gently swaying with
each little breeze. Though it does well in very moist
soils, Weeping Willows may also be successfully used
as a fast-growing specimen or screen in drier, more
open areas where it should receive regular watering to
prevent leaf drop in a drought. It will survive drought
but loses some leaves without irrigation. Ultimately
reaching a height of 3545 feet with an equal or greater
spread, Weeping Willow should be given plenty of
room to develop its broad, rounded crown [3].

Synthetic dyes are widely used in various indus-
tries such as textile, leather, paper, printing, food, cos-
metics, paint, pigments, petroleum, solvent, rubber,
plastic, pesticide, wood preserving chemicals, and
pharmaceutical industry. Over 10,000 of different com-
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mercial dyes and pigments exist and more than
7x10° tonnes are produced annually worldwide.
Approximately 12% of synthetic dyes are lost during
manufacturing and processing operations and 20% of
these lost dyes enter the industrial wastewaters. Textile
industries consume two-thirds of the dyes manufac-
tured. During textile processing, up to 50% of the dyes
are lost after the dyeing process and about 10-15% of
them are discharged in the effluents. The textile manu-
facturing industry alone discharges about 1,46,000 ton-
nes of dyes per year along with its wastewater which
ultimately finds its way into the environment. Gener-
ally the wastewater contains dye concentrations rang-
ing from 10 to 200mg L' The discharge of dye
containing effluents into the natural water bodies can
pose hazardous effects on the living systems because
of carcinogenic, mutagenic, allergenic, and toxic nature
of dyes. Dyes impede light penetration, retard photo-
synthetic activity, inhibit the growth of biota, and also
have a tendency to chelate metal ions which result in
microtoxicity to fish and other organisms [4].

Cationic dyes such as MB, a thiazine, were used
initially for dyeing of silk, leather, plastics, paper, and
cotton mordant with tannin, as well as for the produc-
tion of ink and copying paper in the office supplies
industry [5]. In the textile sector, an estimated 10-20%
of dyes (active substance) used is lost in residual
liquors through the exhaustion and washing opera-
tions [6]. The releasing of dyes to the environment can
cause acute and/or chronic effects on the exposed
organisms, adsorb or reflect sunlight entering into
water, and thus result in change of food chain [7].

Previous studies found that MB molecules existed
as dimers or as aggregates at the surface, as well as a
protonated form depending on the concentration and
the surface properties [8]. Such extensive use of dyes
and pigments often poses problems in the form of col-
ored wastewater that require pretreatment for color
removal prior to disposal into receiving water bodies
or publicly owned treatment works [9]. The main
problem for dyestuff manufacturers and users is the
removal or reducing the quantity of color in effluent
and water sources [10].

Although methylene blue (MB) is not hazardous
compared to other commercial dyes, acute exposure
to MB can cause increased heart rate, vomiting, diar-
rhea, nausea, and shock. It can cause eye burns, which
may be responsible for permanent injury to the eyes
of human and on inhalation, it can give rise to short
periods of rapid or difficult breathing, whereas inges-
tion through mouth produces a burning sensation.
Potential exposure to MB can also cause hypertension,
precordial pain, dizziness, headache, fever, fecal dis-
coloration, profuse sweating, mental confusion, methe-
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moglobinemia, and hemolytic anemia. Hence, there is
a necessity for the treatment of effluent containing
such dye due to its harmful impacts on receiving
waters [11].

At the present time there is no single process capa-
ble of adequate treatment [12]. Most of the existing
processes include adsorption, usually with activated
carbon (AC) [13]. The adsorption of the cationic dye,
MB, has been used for a long time for the evaluation
of the adsorption properties of AC, and in monitoring
the production and quality of AC prepared from coal,
in fluidized bed [14]. Adsorption from dilute aqueous
solutions onto solid surfaces is a highly attractive sep-
aration technique for many applications, such as
wastewater treatment, liquid mixture separation, and
purification, or polar organic solutes recovery from
biotechnology processes [15,16]. In particular, adsorp-
tion provides a technique of great interest to remove
dyes from municipal and industrial wastewater
[17,18]. This can be achieved by using adsorbents with
a high adsorptive capacity [19].

The adsorption process can be either physical or
chemical in nature, and frequently involves both. Physi-
cal adsorption involves the attraction by electrical
charge differences between adsorbent and the adsor-
bate. Chemical adsorption is the product of a reaction
between the adsorbent and the adsorbate [20]. In recent
years, stringent government regulations have made it
mandatory to stop such effluents, unless they are trea-
ted properly; hence, the removal of color from the efflu-
ent discharge has become environmentally important
[21,22].

2. Materials and methods
2.1. Preparation of GSL

Salix leaves were lightly ground in a mortar, then
immersed in distilled water for 24 h, and then dried in
a drier at 105°C to remove the yellow color of the
extract. The dried GSL sieved through 0.5 and
0.08 mm diameter by means of a test sieve shaker.

2.2. Batch adsorption studies

Batch experiments with GSL were conducted to
investigate the initial adsorbent particle size (<0.08,
0.08-0.1, 0.1-0.125, 0.125-0.16, and 0.16-0.315mm),
adsorbent dose (0.6, 1, 1.6, 3, and 3.6 gm), 50 ml volume
of dye concentration (25, 50, 75, 100, and 125mg LY,
adsorption time (10, 20, 25, 30, 35, and 40 min), pH (2, 5,
7.5,9, and 12), and temperature (30, 40, 50, and 60°C) on
MB adsorption. All reagents used were of AR grade
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(Sigma—Aldrich, Germany). MB stock solution was pre-
pared by dissolving a known amount of the dye in dis-
tilled water and diluted to the required initial
concentration. About 50ml of MB solution of known
concentration (c,) was taken in a 100ml conical flask
with the required amount of adsorbent and kept under
shaking for different time intervals in a shaker at differ-
ent pH values and different temperatures. Then, the
solution was filtered through a filter paper. UV—visible
spectrophotometer (model PHTOMECH 301-D7, Apax:
up to 1200, made in German) was employed to deter-
mine the remaining concentrations of MB in the filtrate
at 670 nm. All adsorption experiments were performed
in triplicate, and the mean values were used in data
analysis. Blank experiments, performed without the
addition of adsorbent, confirmed that the sorption of
dye on the walls of flasks was negligible. The details of
the dye used are given in Table 1 and the structure is
shown below.

O

H,C "

Bt S/ N/CH3 Cl
| + |

CH, CH,

Methylene Blue (MB) structure.

3. Adsorption isotherms study

The main factors that play the key role for the dye-
adsorbent interactions are charge and structure of dye,
adsorbent surface properties, hydrophobic and hydro-

Table 1
Properties of methylene blue (MB)

Molecular weight
Molecular formula
;Lmax

Odor

Melting point
IUPAC name

Commercial name
Covalently bonded
unit count
H-bond donor
H-bond acceptor
Water solutions
Solubility in water
Vapor pressure
Henry’s constant

319.85222 [g/mol]
C16H15CINZS

670 nm

Slight odor

105°C (decomposes)
3,7-bis(dimethylamino)
phenazathionium chloride,
tetramethylthionine chloride
Methylene blue, thiazine

2

0

3

Deep blue

43,600mg/L at 25°C

1.30 x 10~ mm Hg at 25°C

1.25 x 10~"* atm m>/mol at 25°C
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Fig. 1. Cross-sections through the leaf of Salix.

philic nature, hydrogen bonding, electrostatic interac-
tion, steric effect, van der Waal forces, etc. [23].
Equilibrium studies that give the capacity of the adsor-
bent and adsorbate are described by adsorption iso-
therms, which is usually the ratio between the quantity
adsorbed and that remained in solution at equilibrium
at fixed temperature. Freundlich, Langmuir, and BET
(Brunauer, Emmett, and Teller) isotherms are the earli-
est and simplest known relationships describing the
adsorption equation [24,25].

3.1. Langmuir Isotherm

The Langmuir equation is used to estimate the
maximum adsorption capacity corresponding to com-
plete monolayer coverage on the adsorbent surface
and is expressed by:

Je = (EImaXKLCe)/(l + KLCe) (1)

The linearise form of the above equation after rear-
rangement is given by:

Ce/ﬂe = 1/qmaxKL + Ce/qmax (2)

The experimental data is then fitted into the above
equation for linearization by plotting C./q. against Ce.

3.2. Freundlich isotherm

The Freundlich model named after Freundlich
(1926) is an empirical equation used to estimate the
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adsorption intensity of the sorbent towards the adsor-
bate and is given by:

g, =K Ccl/n (3)

Also, the value of n indicates the affinity of the
adsorbate towards the adsorbent. The above equation
is conveniently used in linear form as:

Inge =InKg + (1/n) InCe 4)

A plot of InC. against Ing. yielding a straight
line indicates the conformation of the Freundlich
adsorption isotherm. The constants 1/n and InKg
can be determined from the slope and intercept,
respectively.

3.3. BET isotherm

The BET derived an adsorption isotherm based
on the assumption that the adsorbate molecules
could be adsorbed in more than one layer thick on
the surface of the adsorbent. Their equation, like
langmuir equation, assumes that the adsorbent sur-
face is composed of uniform, localized sites and that
the adsorption at one site does not affect adsorption
at neighboring sites. Moreover, it was assumed that
the energy of adsorption holds the first monolayer
but that the condensation energy of the adsorbate is
responsible for adsorption of successive layers. The
equation, known as the BET equation, is commonly
written as follow:

x/m=AcXn/(cs —c)[1 + (A—1)c/c{] (5)

Rearranging the BET equation yields:

C/(Co— C)x/m =1/AXp + (A—1)(C/C)/AXn  (6)

Thus, plotting C/(Cs—C) against C/Cs will give
rise to straight lines with slope (A —1)/AX,, and inter-
cept 1/AX,, for adsorption processes that conform
BET equation [26].

4. Adsorption dynamics study

The study of adsorption dynamics describes the
solute uptake rate and evidently this rate controls the
residence time of adsorbate uptake at the solid-solu-
tion interface. Kinetics of (MB) adsorption on the GSL
was analyzed using pseudo-first-order, pseudo-sec-
ond-order, Elovich, and intraparticle diffusion kinetic
models [27].
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4.1. The pseudo-first-order model

The pseudo-first-order equation (Lagergren, 1898)
is generally expressed as follows:

d
T =k@e—a) )

At t=0 to t=f and 4,=0 to g;=¢q;, the integrated
form of Eq. (7) becomes:

— kl
(logge —logg:) = log(qe) — mt (8)

where k; and g, can be determined from the slope and
intercept of the plot.

4.2. The pseudo-second-order model

The pseudo-second-order kinetic rate equation is
expressed as (Ho et al., 2000):

d
T =kelg.—a) ©)

At t=0 to t=t and ¢;=0 to g;:=¢q;, the integrated
form of Eq. (9) becomes:

1 1
=—+kt
(Ge —aq:) e

(10)

Eq. (4) can be rearranged to obtain Eq. (11), which
has a linear form:

t 1 1

=4 11

9 ke g )
If the initial adsorption rate, I (mg/g min) is:

h = kg, (12)
then Eq. (11) and (12) become:

11

— =4+t 13

o ko (13)

The plot of (t/q;) and t of Eq. (11) should give a linear
relationship from which g, and k, can be determined
from the slope and intercept of the plot, respectively.

4.3. The Elovich model

The Elovich model equation is generally expressed
as:
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d
d%‘ = aexp(—fq,)

(14)

To simplify the Elovich equation, Chien and Clay-
ton (1980) assumed ofit >> t and by applying the
boundary conditions t=0 to t=t and ¢;=0 to g:=gq;,
Eq. (14) becomes:

gt = SIn(zB) + SIn(t)

5 5 (15)

A plot of g; vs. In(t) should yield a linear relation-
ship with a slope of (1/f) and an intercept of (1/f) In
(2p).

4.4. The intraparticle diffusion model

The intraparticle diffusion model is expressed as
(Weber and Morris, 1963)

R = kiq()" (16)
A linearized form is obtained as:
logR =logkiq + alog(t) (17)

If (MB) adsorption fits the intraparticle model, a
plot of log R vs. logt should yield a linear relationship
with a slope of @ and an intercept of log kiq.

5. Results and discussion
5.1. General information of Salix leaf

A cross section through the leaf of Salix and scan-
ning electron micrographs of Salix leaves are shown
in Figs. 1 and 2.

5.2. Adsorption isotherms

The results of this study show that GSL was effec-
tive, in adsorbing MB as its removal reached 99% at
30 °C. Adsorption of MB was highly pH-dependent
and the results showed that the optimum pH for the
removal was found to be (6-8), at which MB exists
mostly as the most easily adsorbed form aqueous
solution increases as the initial MB concentration. Also
smaller adsorbate particle were found to increase the
percentage removal of MB, but the increasing of tem-
perature results no changing in the removal efficiency.
The experimental data were applied in the three iso-
therms, where results indicate that the adsorption of
MB on GSL fits the Langmuir model (Fig. 3) with

ILM. El-Dien et al. | Desalination and Water Treatment 51 (2013) 2564-2574

=

ZGAY TEDC -
Faazuallaless e Ml hesi n

Fig. 2. SEM of Salix leaves.
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Fig. 3. Langmuir isotherm.

R*=0.96, verifying the assumption that the adsorbate
molecules could be adsorbed in one layer thick on the
surface of the adsorbent.

5.3. Adsorption dynamics
5.3.1. Effect of adsorbate concentrations

The removal of MB was found to increase with
time and attained a maximum value at 40 min. On
changing the initial concentration of MB solution from
25 to 125mg/l1, the amount adsorbed increased at 25°
C, pH 7.5, and particle size of 0.08 mm. As a rule,
increasing the initial dye concentration results in an
increase in the adsorption capacity because it provides
a driving force to overcome all mass transfer resis-
tances of dyes between the aqueous and solid phase.
The experimental results correlate with the theoreti-
cally predicted curves. Results obtained show good
compliance with the pseudo-second-order kinetic
model (Fig. 4).
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Fig. 4. Pseudo-second-order equation at different adsorbate
concentrations.

5.3.2. Effect of adsorbent particle size

The removal of MB increased with the decrease in
particle size. The relatively higher adsorption with
smaller adsorbent particle may be attributed to the
fact that smaller particles yield large surface areas.
The data obtained separately for each of the kinetic
models from the slopes of plots, show a good compli-
ance with pseudo-second-order equation (Fig. 5).

5.3.3. Effect of temperature

Equilibrium capacity can be changed by tempera-
ture of the adsorbent for a particular adsorbate. In our
case, the experimental data which obtained at pH 7.5,
particle size blew 0.08 mm, and initial concentration of
25mg/l1 show that small changing of adsorption
capacity at temperature from 30 to 60°C. The small
enhancement in adsorption with rise in temperature
may be attributed to increase in the number of active

1
2 08
=
=
=)
E2Z 06
e < -
= g & size =0.08 mml
E&
c'g 0.4 " 0.1
= 2
E A 0.125
% 0.2 X 0.16
X 0.325
0 T T T T
0 10 20 30 40 50

Time (min)

Fig. 5. Pseudo-second-order different

adsorbent particle sizes.

equation at
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surface sites available for adsorption, increase in the
porosity, and in the pore volume of the adsorbent. An
increase of temperature increases the rate of diffusion
of the adsorbate molecules across the external bound-
ary layer and within the internal pores of the adsor-
bent particle, due to decrease in the viscosity of the
solution. The small enhancement in adsorption may
also be a result of an increase in the mobility of the
dye molecules with an increase in their kinetic energy.
The data obtained for each of the kinetic models from
the slopes of plots (Fig. 6) show a good compliance
with the pseudo-second-order equation.

5.3.4. Effect of adsorbent dose

MB uptake was studied at pH 7.5, 25°C, particle
size below 0.08mm and initial concentration of
25mg/l. The concentrations used were 0.5, 0.75, 1,
1.25, and 1.5g adsorbent/liter adsorbate, keeping the
batch experimental volume the same in all cases. The
results indicated that the percentage adsorption
increased with the increase in GSL dose. It can be
explained that the adsorbent has a limited number of
active sites and it increase with the increase of the
adsorbent dose. The curves (Fig. 7), showed good
compliance with pseudo-second-order model.

5.3.5. Effect of pH

The pH of the aqueous solution has been recog-
nized as one of the most important factors influencing
any adsorption process. It influences not only the sur-
face charge of the adsorbent, the degree of ionization
of the material present in the solution, and the dissoci-
ation of functional groups on the active sites of the
adsorbent, but also the solution dye chemistry. The
removal of MB was studied at different pHs in the

1

e
®

0.6

0.4

t/q [min/(mg adsorpent/gm
adsorbate)]
S
[\*)

T T
0 10 20 30 40 50
Time (min)

Fig. 6. Pseudo-second-order different

temperatures.

equation at
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dose = 0.6 g/1

L 2
]
A 16
X

t/q [min/(mg adsorpent/gm
adsorbate)]

0 T T T T
0 10 20 30 40 50

Time (min)

Fig. 7. Pseudo-second-order different

adsorbent doses.

equation at

range 2-12 by GSL at initial MB concentration of
25mg/1, a temperature of 25°C, and particle size blew
0.08 mm. The maximum sorption capacity takes place
at pH range 6-8 and removal percentage of the dye
was 91%. MB is a cationic dye, which exists in aque-
ous solution in the form of positively charged ions. As
a charged species, the degree of its adsorption onto
the adsorbent surface is primarily influenced by the
surface charge on the adsorbent, which in turn is
influenced by the solution pH. At low pH values, the
protonation of the functional groups present on the
adsorbent surface easily takes place, and thereby
restrict the approach of positively charged dye cations
to the surface of the adsorbent resulting in low
adsorption of dye in acidic solution. With decrease in
acidity of the solution, the functional groups on the
adsorbent surface become de-protonated resulting in
an increase in the negative charge density on the
adsorbent surface and facilitate the binding of dye cat-
ions. The increase in dye removal capacity at higher

pH =2

XX puoe
<

t/q [min/(mg
adsorpent/gm adsorbate)]
o

T T
0 10 20 30 40 50
Time (min)

Fig. 8. Plot of pseudo-second-order equation at different
pH values.
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pH may also be attributed to the reduction of H" ions
which compete with dye cations at lower pH for
appropriate sites on the adsorbent surface.

However, with increasing pH, this competition
weakens and dye cations replace H" ions bound to
the adsorbent surface resulting in increased dye
uptake. Results also showed that the adsorption reac-
tion can be approximated with the pseudo-second-
order kinetic model (Fig. 8). The rate constants and
values of correlation coefficient are represented in
Table 2.

5.4. Thermodynamic parameters
5.4.1. Determination of AH®, AS®, and AG®

The values of the thermodynamic parameters,
enthalpy variation (AH) and entropy variation (AS),
were calculated from the curve relating the distribu-
tion coefficient (Kp) as a function of temperature
(Fig. 9) using the equation:

AS°

Ko = (%) — (G

RT

) (18)

where Kp is the distribution coefficient (cm®g ™),
defined as:

(19)
where Q is the amount adsorbed (mg adsorbate/g
adsorbent) described by the equation:

_ V(C — Ce)

= (20)

Q

where C and C. are the initial and equilibrium
concentrations of the solute, respectively (mg cm ).
The calculated data for Kp and Q are shown in
Table 3.

The free energy change (AG®) parameter was calcu-
lated using Eq. (21):
AG® = AH® — TAS® (21)

From Fig. 9 the values of AH®, AS® were deter-
mined from the slopes and intercepts of the curves,
respectively, as well as the calculated values of AG®
and are listed in Table 4. Investigation of the obtained
values of the thermodynamic parameters shows that
the adsorption process is exothermic. This is in accor-
dance with increasing adsorption equilibrium with
increasing temperature.
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4.5

4.4

R2=0.8083
4.3

Ln KD

4.2

4.1
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1/T

Fig. 9. Plot of Kp vs. 1/T.

Table 3

Q and Kp parameters at different temperatures
Temperature (°C) Q Kp

30 49.12 60.642
40 49.22 63.103
50 49.33 73.627
60 49.44 88.286
Table 4

Thermodynamic parameters at different temperatures

AH (kcal/ AS (kcal/ AG (kcal/mol)
mol) mol K) 30C 10°C

50°C 60°C

—0.0756 0.367 -111.8 -1155 -119.2 -1229

5.4.2. Determination of mean free energy (E)

The mean free energy of adsorption (E) is the free
energy change when one mole of ions is transferred to
the surface of the membrane from infinity in the solu-
tion and it is calculated from:

E = —(2KpR)? (22)

The mean free energies (E) were calculated and
documented in Table 5.

The magnitude of E is useful for estimating the
type of sorption reaction, since E<8kJmol ', physical
forces such as diffusion processes may affect the sorp-
tion mechanism [24]. So, the adsorption of dyes seems
to be a complex phenomenon, where diffusion and
chemical bonding occur at different temperature
ranges, this may support that the monolayer capacity
(dmax) increases with increasing temperature.
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Table 5

Free energy (e) at different temperatures

Temperature (°C) Kp E, kJ/mol
30 60.64 15.497

40 63.103 15.808

50 73.627 17.075

60 88.29 18.698
Table 6

Comparison between adsorption capacity of low-cost
adsorbents

Sorbent Gmax Ref.
(mg g™
Degreased coffee bean 55.3 [28]
Treated sawdust 65.8 [29]
Arundo donax root carbon 8.69 [30]
Activated charcoal 0.179 [31]
Waste apricot 116.27 [32]
Activated carbons commercial grade 8.27 [33]
Laboratory grade activated carbons  42.18 [33]
Bentonite 7.72 [34]
Sugarcane dust 4.88 [35]
Hen feathers 26.1 [36]
Iron humate 19.2 [37]
Rubber wood sawdust 36.45 [38]
Cellulose 2422 [39]
Neem leaf powder 133.6 [40]
Ricinus communis 27.78 [41]
Lemon peel 51.73 [42]
Caulerpa racemosa var. cylindracea 26.57 [43]
Rattan sawdust 62.7 [44]
Maize cob powder 37.037 [45]
Sea shell powder 42.33 [45]
Salix leaves powder 62.35 Our work

Table 6 shows some of the adsorption capacities of
low-cost adsorbents reported in the literature.

6. Conclusion

* The adsorption process fits the Langmuir model,
corroborating the assumption that the adsorbate
molecules could be adsorbed in mono layer thick
on the surface of the adsorbent.

e The kinetics of MB adsorption on the GSL was
found to follow a pseudo-second-order rate equa-
tion.
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* The mean free energies (E) revealed that, adsorp-
tion of dyes on GSL seems to be a complex phe-
nomenon, where diffusion and chemical bonding
occur at different temperature ranges.

* The values of thermodynamic parameters indicate
that all adsorption processes are exothermic, and
this is in agreement with the stability of adsorption
capacity with temperature.

* Thermodynamic studies are performed and the val-
ues of the parameters suggest that the process of
removal of MB by GSL is a spontaneous one.

Nomenclature
A — constant describing the energy of
interaction between solute and adsorbent

surface

C — initial concentration, mg/1

Ce — concentration equilibrium, mg/1

C, — saturation concentration of solute, mg/1

Krg & n  — Freundlich constants

m — mass of adsorbent, mg

kv — rate constant of pseudo-first-order
adsorption, 1/min

ks — rate constant of pseudo-second-order
adsorption, g/mg min

Kp — distribution coefficient, cm® g’1

kiq — intraparticle diffusion rate constant, min !

Ky, — constant related to the adsorption/
desorption energy, 1 g

e — adsorption capacity at equilibrium, mg of
dye/g adsorbate

Gmax — maximum sorption, mg of dye/g adsorbate

qr — adsorption capacity at time ¢, mg of dye/g
adsorbate

R — universal gas constant, j/mole K

R — percent (MB) adsorbed

t — contact time, min

\%4 — volume of the solution

x — amount of solute adsorbed, mg

Xm — amount of solute adsorbed in forming a
complete mono layer, mg of dye/g
adsorbate

o — initial adsorption rate, mg of dye/g
adsorbate min

p — desorption constant, g/mg during any
experiment
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