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ABSTRACT - Removal of Methylene Blue (MB) from aqueous solutions using Yemen
bentonite as low-cost adsorbent have been studied as a function of temperature, particle size
and solution pH . The adsorption capacity increased with increasing temperature (15 to 45°C
) and solution pH value (2 to 12) and decreasing particle size (500-710 to 80-125). The
maximum adsorption capacity was 500.0 (mg.g”") at T =25°C, dp = 250-355 um and pH = 12.
The experimental data were analyzed by Langmuir, Freundlich, Temkin and Redlich-Peterson
isotherms, and found that the Redlich-Peterson isotherm best fit the experimental data over
the whole concentration range with R* values lie between 0.9986 and 0.9999. Thermodynamic
parameters such as standard Gibbs free energy (AG®), standard enthalpy (AH"), and standard
entropy (AS®) were calculated. The thermodynamic parameters of MB/clay system indicated
spontaneous and endothermic nature of the adsorption process. The results demonstrate that
Yemen bentonite is effective in the removal of MB from aqueous solutions and can be used as
alternative of high cost commercial adsorbents.

Keywords:- Adsorption; Methylene Blue; Yemen bentonite.

NOMENCLATURE
ARE average relative of errors (dimensionless)

ar parameter of Langmuir isotherm (dm’.mg™)
agp  parameter of Redlich-Peterson isotherm [(dm’.mg")""]

Ar Temkin isotherm constant (dm’.mg")
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Br Temkin isotherm constant (dimensionless)

C. equilibrium liquid-phase concentration (mg.dm™)
Co initial liquid-phase concentration (mg.dm™)

dp mean particle diameter (um)

Kg parameter of Freundlich isotherm (dm~.g™)"

KL  parameter of Langmuir isotherm (dm’3. g'l)

Krp  parameter of Redlich-Peterson isotherm (dm~.g™)

m adsorbent mass (g)

e equilibrium solid-phase concentration (mg.g™)

Jeexp €Xperimental equilibrium solid-phase concentration (mg.g™)
Qecal  calculated equilibrium solid-phase concentration (mg. gh)
Jm maximum solid-phase concentration (mg. g'l)

R’ linear regression correlation coefficient (dimensionless)
Tay average pore diameter (A)

Sger  surface area calculated by BET equation (cm”.g™)

T absolute temperature (K)

\Y volume of liquid in adsorber (dm®)

Vmie  micropore volume (cm’.g”)

Vmes mesopore volume (cm3 . g'l)

Vimac macropore volume (cm’.g™”)

€ particle porosity (dimensionless)

Pp particle density (g.cm™)

Ps solid density (g.cm™)

Amax ~ maximum wavelength (nm)

1. INTRODUCTION

Water pollution is increasingly becoming a major concern besides air and soil pollution.
It is a major element of 2 1" century environmental pollution, it includes the accumulation of
pollutants in oceans, lakes, rivers and streams, of physical, chemical and biological substances

that are either directly harmful or result in secondary and long-range effects.

Many industries, such as textiles, pulp mills, leather, printing, food, and plastics, use

dyes in order to colour their products and consume substantial volumes of water. The
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presence of very small amounts of dyes in water (less than 1 ppm for some dyes) is highly

visible and undesirable 2,

As a result, they generate a considerable amount of coloured
waste water. It is recognize that public perception of water quality is greatly influenced by the
colour. Over 100,000 commercially available synthesis dyes exist and more than 7X10° tons

per year are produced annually .

Cationic Dyes are widely used for paper, modified nylons, silk, wood, modified
polyesters and tannin-mordanted cotton. These water-soluble dyes dissociate into anions and
coloured cations in solution. These dyes have amino groups or alkylamino groups and

consequently have an overall positive charge .

The most important cationic dye is Methylene Blue (MB). It dissociates in aqueous
solution like electrolytes into MB cation and the chloride ion. Methylene blue is widely used
for printing calico, dyeing, printing cotton and tannin and dyeing leather. It is also used as a
stain and has a number of biological uses. Although it is low toxicity, it can cause various
harmful effects. On inhalation, it can give rise to short periods of rapid or difficult breathing
while ingestion through the mouth produces a burning sensation and may cause nausea,
vomiting, diarrhea, and gastritis. Accidental large dose creates abdominal and chest pain,
severe headache, profuse sweating, mental confusion, painful micturation, and
methemoglobinemia ©. Due to those previous effects of MB on the health and it's used for the
adsorption characterization of porous adsorbent with a potential application in the removal of

pollutants from aqueous solution it was selected as a model compound in this work.

Due to increasingly stringent restrictions on the organic content of industrial effluents, it

is necessary to eliminate dyes from wastewater before it discharged.

During the past three decades, several physical, chemical and biological methods are
used to removes dyes from effluents. Among the physical methods available of dye removal,
adsorption is found to be the most effective treatment for the removal of colour from
wastewater and gives the best results as it can be used to remove different types of colouring
materials 7. Adsorption has been found to be superior to other techniques for wastewater
treatment in terms of initial cost, flexibility, simplicity of design, ease of operation,

insensitivity to toxic pollutants and does not result in the formation of harmful substances ®'.

Most commercial adsorption systems currently use activated carbon as adsorbent to
remove dyes in wastewater because of its excellent adsorption ability. It has a good capacity

for the adsorption of organic molecules @) G-10) .Although, the overlying cost of activated
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carbon and its regeneration problems led researchers to produce and use low-cost, abundance,
and not need to regeneration adsorbents.

Low-cost adsorbents, including raw agricultural solid wastes and waste materials from

(D palm-fruit bunch particles '», bagasse pith !,

forest industries such as maize cob
sawdust ‘Y, papaya seeds '”, hazelnut shell "® | and have been used successfully as

alternative to high cost commercial activated carbon.

Clay materials have been increasingly paid attention because of their low cost,
abundance in most continents of the world, high specific surface area, and chemical and
mechanical stabilities. In addition, clay materials have shown good results as an adsorbent for

the removal of various metals 7, surfactants '®, and basic and acid dyes (19-20)

Up to our knowledge, no research has been conducted using Yemen Bentonite as
adsorbent. Therefore, the main aim of this study is to investigate the suitability of Yemen

Bentonite as low-cost adsorbent for the removal of MB from aqueous solutions.

2. MATERIAL AND METHODS
2.1. Materials

The natural bentonite used in this work was collected from Al-Rayan zone, Al-Mukalla
City, Hadramout Governorate, Republic of Yemen. The adsorbent was washed, crushed and
sieved through different standard sieves into the desired particle size and used without any
pre-treatment. The resulting sample was dried at 105 °C and stored in sealed containers prior
to use.

Methylene Blue [C.I. Basic Blue 9, C16H;sN3SCl, M.W.=319.9 g.g-mol” , and Anay: 665
nm] supplied by Merck company (Germany) was used as principal adsorbate without further

purification.

2.2. Characterization of Natural Bentonite

Chemical composition of bentonite was obtained using XR-F Spectrometer, ARL
9800, Switzerland.
Solid density, particle density and porosity for natural clay were obtained using

mercury Poresizer 9320, Micromertics, USA.

The surface physical properties such as specific surface area, pore size distribution and

total pore volume were measured by nitrogen adsorption—desorption isotherms using a
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multipurpose apparatus Nova 2000 analyzer, Quantachrome Instruments, Japan. A BET
analysis " from the amount of N, gas adsorbed at various partial pressures was used to
determine the surface area (Sggr), and a single condensation point (p/py = 0.95) was used to
find the total pore volume (V). The average pore radius (r,,) was calculated using total
surface area and total pore volume (r,y = 2V1/Sgget). The volumes of micropores, mesopores,
and macropores were calculated from N, adsorption isotherm by applying the Barrett-Joyner-

Hallenda (BJH) method *?.

2.3. Method

Batch adsorption experiments were carried out using bottle-point method **. In this
method stock solution of MB (1000 mg.dm™) was prepared and was subsequently diluted to
the required initial concentrations. Adsorption capacity of the clay towards MB was
determined by contacting a constant mass (0.05 g) of clay with a fixed volume (50 ml) in
sealed glass bottles of different initial concentrations of dye solution. The bottles were
agitated in an isothermal water-bath shaker for 5 h until equilibrium was reached. At the end
of the adsorption time, a known volume of the solution was removed and centrifuged for
analysis of the supernatant.

Calibration curve for MB was prepared by recording the absorbance values for a range
of known concentrations of dye solution and the maximum absorbance was determined (Amax =
665 nm). The value of A, was used in all subsequent investigations using this dye.

The concentration of MB in aqueous solution was then determined at Am.x = 665 nm
using double beam UV-visible spectrophotometer (Shimadzu, Model UV 1601, Japan).

The amount of MB adsorbed onto clay, qe (mg.g’l), was calculated by the following
equation:

g -GG (1)

m
Where Cy and C. are the initial and equilibrium concentrations of dye solution (mg.dm’3),

respectively. V is the total volume of the dye solution (dm®), and m is the mass of clay used

(2)-

3. RESULTS AND DISCUSSION

3.1. Characterization of Natural Bentonite

Chemical analysis indicates the following composition: SiO,, 62.38%; Al,Os, 13.60%;
Fe,03, 7.05%; CaO, 3.75%; MgO, 3.11%; K,0, 2.63%.

Diyala Journal of Engineering Sciences, Vol. 04, No. 01, June 2011
34



REMOVAL OF METHYLENE BLUE FROM AQUEOUS SOLUTIONS USING YEMEN BENTONITE

The N, adsorption-desorption isotherm obtained for natural bentonite is shown in
Figure 1. As shown in the Figure, the desorption branch of this isotherm exhibited hysteresis
and correspond to the Type IV isotherm. The existence of the hysteresis loop in the isotherm
is due to the capillary condensation of N, gas occurring in the mesopores and therefore, the
Type IV isotherm is considered as the characteristic feature of the mesoporous materials **.

The sharp rise near P/P, = 0.4 corresponds to condensation in the primary mesopores.
The well defined hysteresis loop between the adsorption and desorption branches can be
classified as type H4 according to the ITUPAC classification ®*. Physical characteristics of the
Yemen natural bentonite such as the values of BET surface area (Sggr), total pore volume
(Vr), micropore volume (Vi), mesopore volume (Vyes), macropore volume (Viye), and
average pore radius (r,y) are listed in Table 1.

It is obvious from Table 1 that Yemen bentonite has high specific surface area (82.3

cm®. g) and total pore volume (0.109 cm’. g™).

Pore size distribution is one of the most important parameters for any porous adsorbent
because the size of pores must be larger than the adsorbate molecule volume to allow it to
enter inside the adsorbent particle pores. Figure 2 shows pore size distribution (PSD) of
bentooonite calculated from N, adsorption isotherm by applying the Barrett-Joyner-Hallenda
(BJH) method using desorption branch of the isotherms “?. As illustrated in Figure 2, pores
between 1.4 and 2.9 nm were dominant. Their average pore size is 2.997 nm determined by

(BJH) method, which was in the mesopore range (pore size, 2—50 nm).

3.2. Adsorption Isotherms

Determining the distribution of MB between natural bentonite and the liquid phase
when the system is a state of equilibrium is important in establishing the capacity of the clay
for MB. Preliminary experiments showed that such equilibrium was established within 180
min; however, all equilibrium experiments were allowed to run for 300 min.

Plotting the amount of MB adsorbed at equilibrium (q.) against final concentration in
the aqueous phase (C.) at different temperatures, different particle size ranges and different
solution pH values gave a characteristic H-shaped curve as shown in Figures 3 to 5.

According to the slope of the initial portion of the curve of MB onto clay, this isotherm
may be classified as H-shape according to Giles classification . In this type of isotherm, the
initial portion provides information about the availability of the active sites to the adsorbate
and the plateau signifies the monolayer formation. The initial curvature indicates that a large

amount of dye is adsorbed at a lower concentration as more active sites of clay are available.
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As the concentration increases, it becomes difficult for a dye molecule to find vacant
sites, and so monolayer formation occurs.

This type of isotherm suggests a high affinity of the MB molecules for the active sites
of the clay surface, and also that there is no competition from the solvent for adsorption sites
(25)

3.2.1. Effect of Solution Temperature

Figure 3 present the adsorption isotherms of MB onto clay at different temperatures
(15, 25, 35 and 45°C) at constant particle size range 250-350 um and pH = 6+0.2 of MB
solution. From this Figure, it can be seen that the experimental adsorption capacity of clay
increased from 420.0 to 471.4 (mg.g™) with an increase in temperature of solution from 15 to

45°C.

The enhancement in the adsorption capacity may be due to increasing the rate of
diffusion of the adsorbate molecules across the external boundary layer and in the internal
pores of the adsorbent particle, owing to the decrease in the viscosity of the solution *°.

Senthilkumar and co-workers ¢

suggested that the increase in adsorption capacity with
increase in temperature might be due to the possibility of an increase in the porosity and in the
total pore volume of the adsorbent, an increase of number of active sites for the adsorption as

well as an increase in the mobility of the MB molecules.

Increase of the adsorption capacity of clay by raising temperature indicate a
chemisorptions mechanism, with an increasing number of molecules acquiring sufficient
energy to undergo chemical reaction with clay. This conclusion was confirmed by the change
in standard enthalpy (AH®) during the adsorption processes. Standard enthalpy change (AH®)
at different temperatures has been calculated using Van't Hoff equation and was found to be
positive value (32.3 kJ.g-mol™). Similar results show that the adsorption process of MB is an

endothermic in nature were obtained by different researchers **2).

3.2.2. Effect of Particle Size Range

Figure 4 shows that a decrease in clay particle size led to an increase in equilibrium
adsorption capacity. The experimental equilibrium adsorption capacity of clay for MB
increased from 419.4 (mg.g") to 452.2 (mg.g"") with decreasing particle size range from 500-
710 um to 80-125 pm. This behavior can be attributed to the inability of the large dye
molecules to penetrate into the internal pore structure of clay. Apparently, breaking up large

particle diameter to form smaller ones probably serves to open some tiny, sealed pores in the
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clay which become available for adsorption, thus slightly increasing the total specific surface
area of a given mass ©”. Several investigations have shown similar observation for clay

minerals and other adsorbents ¢!~

3.2.3. Effect of Solution pH

Figure 5 shows the effect of dye solution pH on the experimental equilibrium
adsorption capacity of natural bentonite for MB over a wide pH range of 2-12. As shown in
the Figure, that strong dependence of experimental equilibrium capacity on the solution pH,
which increased from 395.9 to 489.5 (mg.g"") with increasing solution pH from 2 to 12. The
strong dependence of adsorption on pH could be attributed to the fact that the surface charge
of clay was greatly affected by solution pH. When the solution pH is greater than the pHzpc
that equal to 7.2 for natural bentonite studied in this work, the negative charged clay surface is
favorable for the adsorption MB dye. It can be said that natural clay surface exhibited positive
zeta potential values at the lower pH values from pH 7.2, and with the increasing of pH, the
surface of clay becomes more negatively charged, thereby increasing electrostatic attractions
between positively charged dye anions (MB") and negatively charged adsorption sites and
causing an increase in the equilibrium dye adsorption capacity. Similar results was reported

by Ozdemir and co-workers ©?).

3.3. Isotherm models

The adsorption equilibrium data obtained for the MB onto natural bentonite were fitted
into four different isotherm models to determine the most suitable model to represent the
adsorption process. The isotherms used are the Langmuir isotherm, the Freundlich, the
Temkin isotherm, and the Redlich-Peterson isotherm.

In order to quantitatively compare the applicability of different models, the average

relative error (ARE) was calculated using equation 2 %
1 N
ARE =~ > )

i=1
Where N is the number of data points, e exp and qe,cal (Mg. g") are the experimental and

qe,cal—qe,cxp

qe,cxp

the calculated values of the equilibrium adsorbate solid concentration in the solid phase,
respectively. The values of ARE is used as measures of the fitting of the data to an isotherm

equation, small values of ARE would indicate a perfect fit.
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3.3.1. Langmuir isotherm
The Langmuir isotherm (1918)°” is wvalid for monolayer adsorption on
a homogenous adsorbent surface containing a finite number of identical site and no interaction

between adsorbate molecules.
The Langmuir expression is represented by the following equation:

_1+K,C,

4= 1+q,C, )

This may be converted into a linear form which is convenient for plotting and

determining the constants K (dm’.g") and ar. (dm’.mg™):

C a 1
c= Gt @
q. K, K,

The essential characteristics of the Langmuir isotherm can be expressed in terms of a

dimensionless equilibrium parameter (Ry), which is defined by Hall et al., 1966 ©:

1

t _1+aL.C0

)
Where Ry is a dimensionless constant separation factor, C, is the initial concentration

of dye (mg.dm™) and K is the Langmuir adsorption constant (dm’.g").

The value of Ry indicates the shape of the isotherms to be either unfavorable (Rp > 1),

linear (Ry = 1), favorable (0 < R <I) or irreversible (R = 0).

Linear plots of (Ce/qe) versus (Ce) with high linear regression coefficient values
(R*>0.999) for the adsorption of MB onto clay at different temperatures, particle size ranges
and solution pH values (Figures not shown) suggest the applicability of the Langmuir
isotherm and demonstrate monolayer coverage of the adsorbate on the outer surface of the
adsorbent ©7).

The values of Ki. and a;. have been calculated for the different variables studied using
equation 4 and listed with the corresponding values of linear regression coefficient (R*) and
the average relative of the errors function (ARE) in Table 2. The values of the constant

(Kr/ap) correspond to the maximum adsorption capacity (qm) of the clay for MB were also

calculated and listed in Table 2.
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It is clear from Table 2 that all variables play an interesting role in the adsorption of
MB. Increasing temperature from 15°C to 45°C led to an increase in the maximum adsorption
capacity from 434.8 to 476.2 (mg.g"), suggests endothermic nature of the process. Increasing
particle size ranges from 80-128 um to 500-710 um led to a decrease in the q,, from 455.0 to
4174 (mg.g’l). However, increasing solution pH from 2 to 12 led to an increase in qy, from

399.8 t0 500.0 (mg.g").

Values of Ry for natural MB/clay system have been calculated for all variables studied
and found that all values of Ry suggest favorable adsorption process (0<R_ <I). One example
allowing an estimation of the Ry value is depicted in Figure 6, which shows plots of Ry
against initial MB concentrations at different temperatures. As shown in the Figure all values
of Ry lies between (0-1), indicated that the favorability of the adsorption process. The Figure
also shows that Ry value decreased with increasing initial MB concentrations suggested that

adsorption process was more favorable at higher concentration.

Comparing the maximum adsorption capacity of Bentonite that obtained in this study
to that in literature, it was found Yemen Bentonite have very high adsorption capacity

compared to that for activated carbon and other adsorbents (Table 3).

3.3.2. Freundlich Isotherm

The experimental equilibrium data for the adsorption of MB onto clay at different
temperatures, particle size ranges and solution pH values have been analyzed using the

Freundlich isotherm as given by equation 6 ©*.
_ K C 1/n
qe - F%~e (6)

Where Ky is Freundlich constant (dm®.g")" and n is the heterogeneity factor. The Kg
value is related to the adsorption capacity; while 1/n value is related to the adsorption
intensity. The magnitude of exponent (n) gives an indication of the favorability and capacity
of the adsorbent/adsorbate system. Values of (n) greater than 1 represent favorable adsorption

according to Treybal ©*.

Equation 6 may be linearized via a logarithmic plot which enables the exponent (n) and

the constant (K) to be determined:

log ge = log K¢ + (1/n) log C. (7
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The Freundlich parameters (Kr and n) have been calculated using the least-squares
method applied to the straight lines that resulted from plotting of log q. against log C. (not

shown) and are listed with the corresponding values of R? and ARE in Table 4.

According to the results shown in Table 4, the values of n are greater than unity
indicating that the adsorption of MB onto clay is favorable. This is in great agreement with

the findings regarding to Ry values.

3.3.3. TemKkin Isotherm

The Temkin isotherm has been used in the following form 3.

RT
qe = b_(ln ATCe) (9)

T

Equation (9) can be expressed in its linear form as:

q.=B;In 4, + B, In(C,) (10)
Where
RT
B =" 11
TS (11)

Where T is the absolute temperature (K), R is the universal gas constant (J.g-mol™" K ™),
At is the equilibrium binding constant corresponding to the maximum binding energy
(dm’.mg™), by is Temkin isotherm constant (J.g-mol™) and the constant By is related to the
heat of adsorption (dimensionless) . According to equation 10, a plot of (q.) against In (C)
enables the determination of the isotherm constants (Ar and Br). The values of Ar and By are
calculated for different variables studied and listed with the corresponding values of R* and

ARE in Table 4.

3.3.4. Redlich-Peterson Isotherm

The Redlich—Peterson isotherm contains three parameters and involves the features of

both the Langmuir and the Freundlich isotherms ®®. It can be described as follows:

g, = (KRP'Ce)
" TMray-C7) 12)

Where Kgp is the modified Langmuir constant (dm3.g'1), agp (dm3.mg'1) and S are

constant. f < 1.
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The linear form is shown in equation (13) from which the constants (Kgrp, agp and )

which characterize the isotherm, can be determined:

log[KLﬂg —lj =loga,, + flogC, (13)

e

Plotting (log [(KrpCe/qe) —1]) against (log C.) yields a straight line of slope = B and

intercept = log agp.

The isotherm parameters in equation 12 was calculated using equation 13 are listed with

the corresponding values of R and ARE in Table 4.

The results listed in Tables 2 and 4 indicated that Redlich-Peterson isotherm model fit
the experimental data for the adsorption of MB onto clay at different temperature, particle size
ranges and solution pH values better than the Langmuir, the Freundlich , and the Temkin
isotherm based on the very high values of R* (R*>0.999) and the lower values of ARE
compared to other models. The results in Table 2 show that although the very high values of
R? (R*>0.999) for Langmuir model at different variables, the values of ARE for Langmuir are
larger than that Redlich-Peterson isotherm. The high values of ARE for Langmuir model can
be attributed to the deviation in the experimental data from Langmuir isotherm at low

concentrations.

3.4 Thermodynamic Study

The thermodynamic parameters that must be considered to determine the process are
changes in Gibbs free energy (AG®), standard enthalpy (AH®), and standard entropy (AS°) due
to transfer of unit mole of solute from solution onto the solid—liquid interface.

The Gibbs free energy change of adsorption is defined as:
AG°®=-2.303 RT" log Kp (14)
Where Ky is Langmuir equilibrium constant (dm®.g"), (R) is the universal gas constant

(8.314 J.g-mol . K™") and (T) is the absolute temperature (K).

The values of (AH®) and (AS°) was computed using Van’t Hoff equation:

A A
2303 2303RT

logk; (15)
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A plot of (Log Kyi) versus (1/T) should produce straight line with slope equals to -
AH°2.303RT and intercept equals to AS®/2.303R ©”. Figure 7 shows linear relation between
(Log K1) and (1/T) with high correlation coefficient (R* > 0.9). The values of (AH®) and
(AS°) are calculated from the slope and the intercepts of straight line in Figure 7 and listed in
Table 5. The values of standard Gibbs free energy (AG®) are calculated using equation 14 and
also listed in Table 5.

The standard enthalpy (AH®) and entropy (AS°) changes of adsorption of MB onto clay
determined from equation (15) were found to be 32.3 (kJ.g-mol ') and 152.0 (J.g-mol '.K ™)
as respectively. The positive value of standard enthalpy (AH®) shows that the adsorption is an
endothermic process, while the positive value of standard entropy (AS°) reflects the increased
randomness at the solid/solution interface ©*).

The values of standard Gibbs energy change (AG®) in all the cases are indicative of the
spontaneous nature of the interaction without requiring large activation energies of adsorption
and no energy input from outside of the system is required. The results in Table 5 show that
the negative value of (AG®) increase with an increase in temperature, indicating that the
spontaneous natures of adsorption of MB were direct proportional to the temperature and
higher temperature favored the adsorption imply the greater driving force of adsorption at

high temperatures than at low.

4. CONCLUSIONS

This study investigated the equilibrium adsorption of methylene blue onto Yemen
bentonite. The maximum adsorption capacity was found to vary with the solution temperature,
clay particle size range and solution pH value. Maximum adsorption capacity increased from
435.1 to 476.0 (mg. g'l) with increasing temperature from 15 to 45°C and increased from 417.4
to 455.0 (mg.g") with increasing solution pH value from 2 to 12 .However, decreased from
455.0 to 417.4 (mg.g’l) with increasing clay particle size range from 80-125 to 500-710 pm.
The Redlich-Peterson isotherm was found to have the best fit to the experimental data over the
whole concentration range. The values of thermodynamic parameters AG®°, AH®, and AS®
indicated that the adsorption process is spontaneous, chemical in nature and favorable at high
temperatures. The values of separation factor (Rp) revealed the favorable nature of the
adsorption process of the MB/clay system (0<Rp<1). The study shows that Yemen bentonite
can be used as low-cost adsorbent for the removal of methylene blue dye from aqueous

solutions.
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Fig.(1): Adsorption isotherms of bentonite tested with N, at 77.35 K.
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Fig.(2): Pore size distributions of bentonite determined using BJH technique.
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Fig.(3): Adsorption isotherms of MB onto bentonite at different temperatures.
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Fig.(4): Adsorption isotherms of MB onto bentonite at different particle size ranges.
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Fig.(5): Adsorption isotherms of MB onto bentonite at different solution pH values.
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Fig.(6): Plot Ry, against initial MB concentration at different temperatures.
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Fig.(7): Plot of Log K against 1/T for the adsorption of MB onto bentonite.

Table (1): Surface characteristics of bentonite.

Total surface area (Sggr) (mz. g'l) 82.34
Total pore volume (Vr) (cm’.g™) 0.109
Average pore radius (r,) (A) 26.40
Micropore volume (Vyic) (cm3 . g'l) 0.012
Mesopore volume (Vpes) (cm3 . g'l) 0.096
Macropore volume (V) (cm®.g™) 0.001
Solid-phase density (ps) (g.cm’3) 2.526
Particle density (pp) (g.cm™) 1.859
Particle porosity (&p) 0.264

Table (2): Estimated Langmuir model and Freundlich model parameters for the adsorption of MB
onto bentonite at different variables.

Langmuir Freundlich
Parameter KL aL 4 RZ ARE Ke n RZ ARE
(mg.g")
T(C)
15 105.3 0.242 435.1 0.9998 0.1131 249.7 9.67 0.8994 0.0224
25 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402
35 322.6 0.710 454.4 0.9997 0.1894 235.9 6.90 0.937 0.0803
45 384.6 0.808 476.0 0.9998 0.1735 296.4 10.00  0.9404 0.0460
dp pm
80-125 196.1 0.431 455.0 0.9999 0.1002 261.5 9.07 0.9041 0.0613
250-355 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402
500-710 101.0 0.242 417.4 0.9998 0.0540 2214 8.14 0.8994 0.0452
pH
2 384.6 0.962 399.8 0.9998 0.1138 293.0 15.95 0.868 0.0420
6 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402
8 434.8 0.957 4543 0.9999 0.1686 312.1 12.03  0.9351 0.0431
12 1000.0 2.000 500.0 1.0000 0.1394 289.1 8.67 0.8722 0.0975
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Table (3): Adsorption capacity (qm) of methylene blue on to various adsorbents.

Adsorbent m | Sources
(mg.g’)

Commercial activated carbon 980.3 (38)
Activated clay (Moroccan) 558.0 (39)
Yemen bentonite 500.0 The present work
Straw activated carbon 472.1 (38)
Coconut husk-based activated 434.8 (29)
carbon 390.0 (40)
Activated carbon prepared from
waste newspaper 300.0 41
Clay (Tunisia) 289.1 (42)
Montmorillonite clay 289.3 (43)
Activated carbon prepared
from durian shell 256.4 (44)
Activated sludge biomass 243.9 (29)
Activated carbon prepared
from oil palm shell 240.0 (45)
Filtrasorb F300a 198.0 (46)
Diatomite (Jordan) 162.3 47)
Perlite 156.6 (48)
Diatomite (Jordan) 150.0 (49)
Bentonite 143.2 (38)
Bamboo dust-based activated 123.5 (50)
carbon Dehydrated peanut hull 50.8 (5D
Palygroskite 6.3 (52)
Clay (Turkey)

Table (4): Estimated Temkin model parameters and Redlich-Peterson model parameters for the
adsorption of MB onto bentonite at different variables.

Parameter Temkzin Redlich—Peterson2
T AT R ARE KRP aRrp B R ARE
T(°C)
15 34.93 980.3 0.9350 0.0183 1712.8 6.365 0.9130 0.9986 0.0177
25 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275
35 43.62 289.7 0.9854 0.0380 1905.3 6.368 0.9154 09999 0.0172
45 32.44  17222.6 0.9588 0.0376 1935.4 4.588 0.9837 0.9990 0.0371
dp um
80-125 37.41 1110.1 0.9430 0.0458  2010.5 6.920 0.9120 0.9993  0.0399
250-355 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275
500-710 39.87 186.8 0.9350 0.0406 940.7 3.904 0.8942 0.9986 0.0411
pH
2 23.67 134787.3 0.9827 0.1379 1613.8 4.475 0.9828 0.9996 0.0246
6 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275
8 28.99  59610.2 0.9661 0.0326  2100.5 4917 0.9914 0.9993  0.0291
12 40.13 2316.9 0.9287 0.0792  2100.5 4917 0.9914 0.9995 0.0301
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Table (5): Thermodynamic parameters for the adsorption of MB onto bentonite.

AG®

T - AH® AS®

(K) (kl.gzmol=) iy ool 1y (Jlgsmol-1.K-1)  R?
288.15 112 1323 +152.0 0.906
298.15 -13.6

308.15 -14.8

318.15 -15.7
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