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Abstract: Oak sawdust (OSD), furniture industrial waste was chemically treated with 0.IN NaOH to give
hydrolyzed oak sawdust (HOSD) which was immobilized on alginate biopolymer. Hydrolyzed oak sawdust
composite (HOSDC) was utilized as low-cost adsorbent to remove basic dye (methylene blue, MB) from aqueous
solution. HOSD and HOSDC were characterized by using Scanning electron microscope (SEM), thermo gravimetric
analysis (TGA) and infrared spectrometer analysis (FTIR). The adsorption of (MB), whose isotherms are modeled
according to Langmuir, Freundlich and Temkin, were studied at a variety of physical and chemical conditions. The
data fitted very well with Freundlich isotherm. Batch adsorption models, based on the assumption of pseudo-first-
order, pseudo-second-order and intraparticle diffusion mechanism, showed that kinetic data follow closely pseudo-
second-order and intraparticle diffusion. In addition, various thermodynamic parameters, such as standard Gibbs
free energy (AG©), standard enthalpy (AH°), standard entropy (AS°), and the activation energy (£a) were calculated.
The adsorption process of MB dye onto HOSDC was found to be spontaneous and endothermic process.
Furthermore, a single-stage batch adsorber was designed for the removal of methylene blue by HOSDC based on the
equilibrium data obtained. [Journal of American Science 2010;6(6):267-283]. (ISSN: 1545-1003).
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1. Introduction

The discharge of dyes in the environment is although a number of systems have been developed
worrying for both toxicological and esthetical reasons with adsorption techniques. Adsorption was found to
[1]. Industries such as textile, leather, paper, plastics, be superior to other techniques for water re-use in
etc., are some of the sources for dye effluents [2]. It is terms of initial cost, simplicity of design, ease of
estimated that more than 100,000 commercially operation and insensitivity to toxic substances [8, 9].
available dyes with over 7x10° tones of dyestuff Activated carbon adsorption is highly effective for
produced annually [3]. Although MB is used in some removing dyes and pigments [10], it is often too
medical treatments, and in dying textile, it can cause expensive to be used in developing countries; the use
eye injury for both human and animals. On of low-cost adsorbents, such as clay minerals [11],
inhalation, it can give rise to short periods of rapid or bottom and fly ash [12-14], fungi [15], waste
difficult breathing while ingestion through the mouth materials from agriculture representing an essential
produces a burning sensation and may cause nausea, target for these countries [16-20]. Also a number of
vomiting, profuse sweating, diarrhea, gastritis, mental studies in the last years focused on the adsorption of
confusion and methemoglobinemia [4, 5]. Thus, the some dyes (acid, basic, reactive, and metal complex)
removal of MB from industrial effluents has become on sawdust of different woods: beech [21-24], rubber
one of the major environmental concerns. wood [25], walnut and cherry tree, pine [26-28],

A range of conventional treatment cedar [29], clay—wood sawdust mixture [30], Indian
technologies for dye removal have been investigated rosewood [31], treated sawdust[32],spruce sawdust
extensively, such as biological treatment, adsorption, magnetically modified [33,34], charred [35] and oak
chemical oxidation, coagulation, and reverse osmosis [36,37]. Oak sawdust, alkali treated oak sawdust and
[6, 7]. However, most of the above methods suffer acid treated oak sawdust were utilized successfully
from one or more limitations and none of them are for the removal of basic dye from aqueous solutions
successful in completely removing the color from [36] but still some difficulties in its removal from the
wastewater. The removal of dyes and organics in an wastewater.

economic way remains an important problem,
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In order to overcome the handling problem,
biopolymer binding polymers for the granulation of
(HOSD) have a number of advantages such as
simplicity of preparation procedure and excellent
physicochemical properties [38]. Alginic acid is a
biopolymer having carboxyl groups capable of
forming complexes with divalent cations such as Ca®"
and Ba”". Thus the prominent immobilizing ability of
alginic acid and alginates seems to be effective for
the granulation of (HOSD), and this granulation
method has a number of advantages such as
simplicity for preparation, high content of active
component (HOSD), high porosity, easy to be
separated from the wastewater [38].

The objective of this study is to immobilize
the HOSD into the porous matrices of alginate gel
polymer in order to employ the granulated composite
(HOSDC) for the removal of methylene blue (MB)
from aqueous solution. The effects of various
operating parameters such as solution pH, adsorbent
dose, binding polymer, initial dye concentration,
contact time, agitation speed and temperature on MB
adsorption were investigated. Adsorption isotherms
and kinetics of the sorption process were studied.
Also various thermodynamic parameters were
calculated. Further, a single-stage batch adsorber was
designed for the removal of methylene blue by
HOSDC based on the equilibrium data obtained.

2. Materials and methods
2.1. Materials

The structure of a cationic MB dye,
C16H18N3SC1.3H20, supplied from (NICE
CHEMICALS Pvt. Ltd., COCHIN) is shown in Fig.1.
The stock dye solution was prepared by dissolving 1g
of methylene blue in 1000ml distilled water to obtain
1000mg/L dye used for preparing different initial dye
concentrations. For hydrolyzed sawdust throughout
the experiment, a sodium hydroxide solution was
used. For pH adjustment throughout the experiment,
hydrochloric acid and/or sodium hydroxide solutions
were used as necessary.
Sodium alginate (NaALG) with a high viscosity (2%
solution= 14000cP) was supplied from (Sigma-
Aldrich  company). Sodium alginate linear
unbranched polymers containing p-(1—#4)-linked
D-mannuronic acid (M) and o~(1—%4)-linked L-
guluronic acid (G) is shown in Fig.(2). Calcium
Chloride (CaCl,) was supplied from Riedel-de Hean.

2.2. Adsorbent preparation and characterization
Oak sawdust, was used as an adsorbent for
the removal of methylene blue, was obtained from a
local furniture manufacturing company, as a suitable
source for full-scale/industrial applications. OSD was
washed with distilled water to remove the water-
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soluble impurities and surface adhered particles,
dried in a digital dryer of (Carbolite, Aston lane,
Hope Sheffield, 5302RP, England) for twenty four
hours at 105°C to get rid of the moisture and other
volatile impurities and sieved using sieve analyzer
(AS200 Retsch, Germany) to different particle size
ranges 45- 500pm. The material after sieving in the
range 125-250 pym was isolated and placed in a
conical flask contains 0.1N NaOH solution at a liquid
to solid ratio of 10:1 with 200 rpm agitation speed
using orbital shaker (yellow line Osl10 Control,
Germany) for four hours at room temperature. The
excess alkaline solutions were decanted, and the
alkaline HOSD was washed continuously with
distilled water until the pH of the washing water
became less than 8 using pH meter (Denver
Instrument Co., U.S.A.). HOSD was characterized
using FTIR, SEM and TGA techniques.

N
=
(H3C)N 7 N(CHy),

+cor

Figure 1. Structure of Methlyene Blue

Figure 2. Sodium alginate structure

2.3. Preparation of HOSDC

The preparation procedure for hydrolyzed oak
sawdust —calcium alginate composite was carried out
as follow (Fig.3): a viscous NaALG weighted amount
solution was dissolved in distilled water to form 1.25
wt% solutions; the hydrolyzed oak sawdust was
added to the alginate to form a mixture of 2.5:1
HOSD-alginate with good mixing by vigorous
stirring. Here the mixing ratio was defined as mass
(g) of HOSD to the mass (g) of NaALG. The formed
mixture was added drop wise by peristaltic pump at
flow rate 0.5 ml/s with tube 2.79 mm internal
diameter to 3% CaCl, solution with stirring at room
temperature to form spherical shape after overnight
standing. They were separated from calcium chloride
solution, washed with distilled water, dried at 50°C
and finally stored in sealed vessel. The dried
composite was used for detailed studies. The
prepared composite was characterized using FTIR,
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SEM and TGA techniques and also tested for
swelling and turbidity.

Figure 3. Schematic diagram of hydrolyzed Oak
sawdust immobilization to form beads: 1, alginate &
hydrolyzed Oak sawdust; 2, mechanical stirrer; 3,
peristaltic pump; 4, out let tubing; 5CaCl,; 6, glass
beaker; 7, magnetic stirrer.

2.4. Adsorption studies

Batch adsorption experiments were carried
out at room temperature (22°C + 2). Exactly 100 ml
of cationic dye solution of known initial
concentration (200mg/L) was shaken at the certain
agitation speed (250rpm) with a required dose of
adsorbents (5.0g/L) for a specific period of contact
time (120 min) in an orbital shaker, after noting down
the initial pH of the solution to the optimum pH. The
pH of the solutions were adjusted to the required
value by adding either 0.INHCI or 0.IN NaOH
solution. The final concentration (C,) was measured.
The percentage removal of dye was calculated using
the following relationship:

% Removal = ((C, —C,)/ C,) * 100) @)
where, C, and C, (both in mg/L) are the initial dye
concentration and the dye concentration at any time
respectively.

The adsorption capacity q; (mg/g) at any time was
calculated using the mass balance relationship
equation as follows:
q:=(Co - C) * (VIW) @

where, V is the volume of the solution (L), W is the
mass of the dry adsorbent used (g).

e Adsorption parameters studied
1. Solution pH (1, 3, 5,7, 8,9 and 12)
2. Adsorbent dose (0.5, 1, 2.5, 5, 7.5 and 10 g/L)
3. Agitation speed (0, 50, 100, 150, 250,300 and 400
rpm)
4. Effect of binding polymer
5. Initial dye concentration (25, 50, 75, 100, 150
and200 mg/L)
6. Contact time up to 330 min.
7. Temperature (22, 40, 50 and 60°C)

2.5. Batch Kkinetic studies

Batch adsorption experiments were carried
out at room temperature (22+ 2°C). Exactly 100 ml of
cationic dye solution of known initial concentration
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(25— 200 mg/L) was shaken at the agitation speed
(250 rpm) with a required dose of adsorbents 5 g/L
(OSDC) for a specific period of contact time 330 min
in an orbital shaker, after noting down the initial pH
of the solution to the optimum pH (12). Samples were
withdrawn at different time intervals.

2.6. Equilibrium studies

Adsorption experiments were carried out by
adding a fixed amount of sorbent (0.5g) into 250-ml
Erlenmeyer flasks containing 100 ml of different
initial concentrations (25, 50, 75, 100, 150 and 200
mg/L) of dye solution. The temperature was
controlled at 22°+2°C. Agitation was provided at 250
rpm for 270 min. The equilibrium contact time was
previously determined by kinetic studies using the
same conditions. The amount of dye adsorption at
equilibrium, q. (mg/g), was calculated using the
following equation
qe = (Cy -C) * (VIW) 3)
where, C. (mg/L) is the liquid-phase concentration of
dye at equilibrium and q; is the adsorption capacity
(mg/g) at equilibrium.

2.7. Analytical methods

The concentration of MB remaining in the
supernatant after and before adsorption was
determined with a 1.0 cm light path quartz cells using
spectrophotometer ((Perkin Elmer model GBC 902))
at A max of 665 nm. Prior to the measurement, a
calibration curve was obtained by using the standard
MB solution with known concentrations.

2.8 Theory of adsorption isotherm, Kinetics and
thermodynamics
2.8.1. Adsorption Isotherm models

Adsorption isotherm is basically important
to describe how solutes interact with adsorbents, and
is critical in optimizing the use of adsorbents. The
Langmuir [39], the Freundlich [40] and the Temkin
[41] isotherms were employed in the present study.
The linearized forms of the three isotherms are

Ce/qe=Ce/qm+ 1/ (Ko qm) “
log q. =log KF +1/n log C, %)
d.=BInA+BInC, (6)

where B = RT/b.

where q, (mg/g) and K, (L/mg) are Langmuir
constants related to adsorption capacity and energy of
adsorption, respectively. The constants q,,, and K, can
be calculated from the plot between C./q. versus C,
(Eq. (4)). C. (mg/L) and q. (mg/g) are the equilibrium
concentration, and the amount of dye adsorbed at
equilibrium, respectively. Similarly the Freundlich
isotherm constants KF and 1/n can be calculated from
the plot of log (q.) versus log (C.) (Eq. (5)). KF
(mg/g(L/g)"™ and n are the Freundlich constants,
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which are indicators of adsorption capacity and
adsorption intensity, respectively [42]. The Temkin
isotherm [41] has generally been applied in the form
given by Eq. (6). Therefore, by plotting q. versus In
C. (Eq. (6)), enables the determination of the
constants A and B. B is the Temkin constant related
to heat of sorption (J/mol), A is the Temkin isotherm
constant (L/g), R the gas constant (8.314 J/mol K), b
is Temkin isotherm constant and T the absolute
temperature (K).

2.8.2. Kinetics models
The most common models used to fit the

kinetic sorption experiments are Lagergren’s pseudo-
first-order model (Eq. (7)) [43] and pseudo- second-
order model (Eq. (8)) [44] were used:

In(qe— qi) =Inge— kgt (7)

t/ q=1/koq’e +t/qe (8)
where q. (mg/g) and q; (mg/g) are the amount of dye
adsorbed at equilibrium and at time t, respectively. k;
(min"") and k, (gmg”' min) are the pseudo-first-order
and pseudo-second order adsorption rate constants,
respectively.

2.8.3. Intraparticle diffusion model

In order to investigate the mechanism of the
MB adsorption onto HOSDC, intraparticle diffusion-
based mechanism was studied. The most commonly
used technique for identifying the mechanism
involved in the adsorption process is by fitting an
intraparticle diffusion plot. It is an empirically found
functional relationship, common to the most
adsorption processes, where uptake varies almost
proportionally with t"? rather than with the contact
time t. According to the theory proposed by Weber
and Morris [45]:

q = kit"*+ C; 9

where kg (mg g”' min'?), the rate parameter of stage
i, is obtained from the slope of the straight line of q,
versus t"2. C; is the intercept which are proportional
to the extent of boundary layer thickness [46].

1/2

2.8.4. Thermodynamics studies

Thermodynamic parameters were evaluated
to confirm the adsorption nature of the present study.
The thermodynamic constants, Gibbs free energy
change (AG"), enthalpy change (AH") and, entropy
change (AS) were calculated to evaluate the
thermodynamic feasibility and the spontaneous
nature of the process. The change in enthalpy (AH)
and entropy (AS’) are calculated using the van’t Hoff
[47, 48]:

Inkc=AS"/R-AH /RT  (10)

where kc = Fe/(1 - Fe), and Fe = (C, - C.)/ C,; is the
fraction adsorbed at equilibrium, while T is the
temperature in degree K and R is the gas constant
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[8.314 J/mol K)]. From the slope and the intercept of
van’t Hoff plots, the values of AH and AS’ were
computed
The Gibbs free energy change (AG") was calculated
using the following equation [49]:

AG’ = -RT Inkc (11)

The magnitude of activation energy (Ea)
gives an idea about the type of adsorption which is
mainly diffusion-controlled processes or chemical
reaction processes. Energies of activation below 42
kI mol-' generally indicate diffusion-controlled
processes and higher values represent chemical
reaction processes [50-53]. This is because the
temperature dependence of the pore diffusivity is
relatively weak. Here, the diffusion process refers to
the movement of the solute to an external surface of
adsorbent and not diffusivity of material along
micropore wall surfaces in a particle [54].

Energy of activation, Ea, was calculated according to
a relationship between Ea and AH’ for reactions in
solution using the following equation [55]:

Ea=AH" +RT (12)

3. Results and discussion
3.1. Characterization of adsorbing material.
3.1.1. Thermogravimetric analysis TGA

The thermal stability of HOSD and HOSDC
were evaluated by Thermo Gravimetric Analysis
TGA using Thermo Gravimetric Analyzer Shimadzu
TGA-50 Japan. Fig. (4-a) showed the TGA of HOSD,
the main step began at 32°C and ended at 98°C is
attributed to the loss of surface adsorbed water in
HOSD structure and the weight loss is 6.12% the
second main step began at 220°C and ended at 774°C
is corresponding to loss of all the organic constituents
in the HOSD. Fig. (4-b) showed the TGA pattern of
the prepared HOSDC which contained three main
steps. The first step began at 23°C and ended at
132°C which was explained by the removal of
external water molecules together with degradation of
alginate chain and it is interpreted with second
degradation temperature due to elimination of side-
groups of polymer [56]. The third step is obviously
due to the complete loss of the organic components
and it started at 395°C and ended at 657°C [57].

3.1.2. FTIR analysis

FTIR analysis was performed on both HOSD and
HOSDC using Fourier transfer for infrared
spectrophotometer FTIR-8400 S Shimadzu, Japan.
The saponification process of the wood fiber using
base cause increase of the cation sorption capacity of
wood fiber which could be explained by production
of carboxylate groups instead of ester groups which
can bind cations as shown in the following Eq. (13)
[58]:
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R'COOR + H,0" OH—RCOO+R'OH+H,0 (13)
The IR bands consisted of four regions: the broad
hydrogen band (3200-3600 cm™), C—H stretching
region (2800-3000 cm™), carbonyl group stretching
region (1550-1750 cm™), and fingerprint bands
(below1550 cm™). In finger print region absorption
cannot clearly be assigned to any particular vibration
because they correspond to complex interacting
vibration systems. It can be observed from Fig.5 that
the region between 1800 and 3500 cm-' presents two
major band centered at about 3420 cm-' (the H-
bonded OH group) and at 2921 cm’ (the C-H
stretching of the CH, groups).this band shows
markedly decrease in composite pattern which may
be devoted to the restriction of stretching vibration of
CH, groups due to composite formation. The region
between 1500 and 1800 cm™ is a special range to
evaluate the degree of saponification since this
represents the carbonyl and double bond region [59—
61]. As had been published by many authors [56, 57,
59-61], the wave number of the carboxyl acid groups
in the organic compounds is approximately 1740 cm’
' While the band wave number of the carboxylate ion
groups is about 1620 cm™. In this range, there are two
bands centered at 1654 and 1749 cm’, one of them at
1749 cm™ and this band disappeared in composite and
this could be explained by masking of carboxylic
group by the presence of alginate structure, the other
band exists in both HOSD and HOSDC at 1654 cm™.

3.1.3. Scanning Electron Microscope SEM

The morphology of HOSD and the prepared
composite were investigated using Jeol JSM-6360
LA analytical Scanning Electron Microscope SEM.
The samples were stocked over a holder and sprayed
with gold. The samples were scanned to identify the
structure and estimate the diameter of the composite.
SEM photographs (Fig.6.a) show thin plant boundary
walls due to the treatment and also a widening in the
cavities which may explain the high efficiency of the
treated Oak sawdust. It was shown in Fig. 6.b. that
the composite prepared from HOSD and alginate
mixture has almost uniform porosity with average
pore diameter range 135 um. The diameter of the
composite beads ranged from 3-3.5 mm.

3.1.4. Turbidity measurements as a factor in
mechanical strength

The beads produced from oak sawdust with
alginate exhibited rubber like elastic properties,
alginate improved the surface properties, reduced the
tendency to agglomerate [62]. Although it is well
known that alginate has bad mechanical properties,
the mechanical properties of the composite were
studied to determine its availability for the column
operations. It is obvious, from water turbidity
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measurements after stirring for different time
intervals, that the beads of the prepared composite
have excellent mechanical strength under stirring for
65 hours at 1000 rpm.
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(b)

Figure 6. Scanning electron micrograph of HOSD (a)
and HOSDC (b)

3.1.5. Swelling measurements

In order to test the suitability of the beads
for column operation, the swelling behavior has been
studied. It is concluded that the composite beads
swelling in water increase with time till reached
equilibrium swelling value after 3 hours. So the
produced HOSDC suitable to be used in column
operation after being swollen in water for 3 hours to
avoid column clogging during the treatment process.
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3.2. Investigation of adsorption parameters

The adsorption process of MB on HOSDC
Characterization have been discussed considering the
effect of different factors

3.2.1. Effect of initial solution pH

pH is one of the most important factors
controlling the adsorption of dye onto adsorbent
particles, which affects the surface charge of the
adsorbents as well as the degree of ionization of
different pollutants. The hydrogen ion and hydroxyl
ions are adsorbed quite strongly and therefore the
adsorption of other ions is affected by the pH of the
solution. Change of pH affects the adsorptive process
through dissociation of functional groups on the
adsorbent surface active sites. This subsequently
leads to a shift in reaction kinetics and equilibrium
characteristics of adsorption process. As the pH
increases, it is usually expected that the cationic dye
adsorption also increases due to increasing of the
negative surface charge of adsorbents [63]. The effect
of initial pH of the MB dye solution on the amount of
dye adsorbed was studied by varying pHs under
constant process parameters (Fig.7). The amount of
MB adsorbed by HOSDC increased with pH change
of dye solution from 1 to 12 at 22°C. With increasing
pH values the adsorption of MB on HOSDC tends to
increase, which can be explained by the electrostatic
interaction of cationic MB species with the
negatively charged hydrolyzed oak sawdust
composite surface. The electrostatic attraction force
of the dye compound with the HOSDC surface is
likely to be raised when the pH increases. A similar
behavior was observed for methylene blue adsorption
on wheat shells [64] and on oak sawdust [36].

25

20

q:(mglg)

pH
Figure 7. Effect of the different pH on the adsorption
of MB dye onto HOSDC (initial dye concentration =
200 mg/L, adsorbent dose = 5 g L-', contact time =
120 min, solution temp. =22+2°C and agitation
speed= 250 rpm).

3.2.2. Effect of adsorbent doses

Adsorbent dosage is representing an
important parameter due to its strong effect on the
capacity of an adsorbent at given initial concentration
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of the adsorbate. Fig. 8 shows that the increase in
adsorbent dosage from 0.5 to 10 g/L resulted in a
decrease of uptake capacity from 53.51 to 11.37
mg/g.

The adsorption capacity was found to be
high at low dosages. Many factors can contribute to
this adsorbent concentration effect. The most
important factor is that adsorption sites remain
unsaturated during the adsorption reaction. This
decrease in adsorption capacity with the increase in
the adsorbent dosage is mainly attributed to the non-
saturation of the adsorption sites during the
adsorption process [65, 66].This result confirms the

previously studies concerning the removal of
unwanted materials from aqueous solution by
sawdust [35].

60
5
E’ 30
E

20

10

0

0 2 4 6 8 10 12 14

Adsoebent dose (g/L)

Figure.8. Effect of adsorbent dose on the adsorption
of MB dye onto HOSDC (initial dye concentration
=200 mg/L, contact time = 120 min, pH= 12, solution
temp. = 22 +2°C and agitation speed = 250 rpm)

3.2.3. Agitation speed

Agitation is an important parameter in
sorption phenomena, which has a serious action on
the distribution of the solute in the bulk solution and
the formation of the external boundary film. The
effect of agitation speed (in rpm) on the up take
capacity of the original dye concentration was
investigated in Fig. 9. The up take capacity seemed to
be affected by the agitation speed for values between
0 and 250 rpm, thus confirming that the influence of
external diffusion on the sorption kinetic control
plays a significant role. Also it is clear that while
increasing mixing rate from 250 to 400 rpm, uptake
capacity (q; mg/g) decreased from 22.4 to 11.92
mg/g. This decrease in uptake capacity (q; mg/g) may
be attributed to an increase desorption tendency of
dye molecules and/or having similar speed of
adsorbent particles and adsorbate ions (i.e. the
formation of a more stable film around the adsorbent
particles). This desorption tendency may be attributed
to high mixing speed which means more energy input
and higher shear force causing break of bounds
between MB and the adsorbent . This also indicates
that a 250 rpm shaking rate is sufficient to assure that
all the surface binding sites are made readily
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available for dye uptake. Then the effect of external
film diffusion on adsorption rate can be assumed to
be not significant. The results were in agreement with
Batzias F.A., and D.K. Sidiras [24].

25

20

q: (mglg)

0 100 200 300 400

Agitation speed(rpm)

Figure 9. Effect of agitation speed on the adsorption
of MB dye onto HOSDC (initial dye concentration
=200 mg/L, contact time = 120 min, pH= 12, solution
temp. = 22 +2°C and adsorbent dose=5g/L)

3.2.4. Binding polymer

The effect of binding polymer on the dye
removal has been studied as show in Fig. 10. The
alginate matrix has low efficiency toward MB
removal. On the other hand, the presence of the
polymer matrix decrease the percentage dye removal
than the free HOSD which may be due to some of the
composite area is now not available. The percentage
removal decreased from 89.7% to 72.75% after 270
min, upon using composite beads instead of free
HOSD. However the adsorption rate decreased
through the first adsorption hour may be due to the
diffusion limitation of dyes through the composite
beads to reach the active adsorption sites (hydrolyzed
oak sawdust). As the mean reason for such research is
to overcome handling problems of classic adsorbents
such as sawdust by converting them into composites.
Although the polymeric composite sawdust has lower
removal efficiency than sawdust but the advantage of
using the composite make this difference disregarded.

100 —e— Alginate
1.4g0/L
20 a.42/L)
80 —&— Composite
70 (Sz/'L)
] Z
0
= 60 —m—Sawdust
Z so G.6g/L)
E 40
A 30
20 -
10
o
0 100 e 200 . 300 400
llmetmln)

Figure 10. Effect of binding polymer on the
percentage dye removal (initial dye concentration
=200 mg/L contact time up to 330 min, pH= 12,
solution temp. = 22 +2°C and agitation speed = 250

rpm).
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3.2.5. Initial dye concentration and contact time

The effect of contact time on the adsorption
of MB dye was investigated at different initial dye
concentration  (25-200 mg/L) onto HOSDC
adsorbents. It can be noticed from Figs.11-12, that
the removal of dye by adsorption on HOSDC was
found to be rapid at the initial period of contact time
and then to slowdown with time. The reason for this
from my opinion is the attractive forces between the
dye molecule and the adsorbent such as Vander
Waals forces and electrostatic attractions; fast
diffusion onto the external surface was followed by
fast pore diffusion into the intraparticle matrix to
attain equilibrium at 270 min.

Also it can be seen from Fig.12 that the
amount of dye adsorbed (mg/g) increased with
increased initial dye concentration and remained
constant after equilibrium time (270 min). The
concentration provides an important driving force to
overcome all mass transfer resistance of the dye
between the aqueous and solid phases [67, 68]. Hence
a higher initial concentration of dye will enhance the
adsorption process. The equilibrium sorption capacity
of the HOSDC increased with the increase of the
initial dye concentration, while the % removal of dye
showed the opposite trend (Fig.11). When the initial
dye concentration increased from 25 to 200 mg/L, the
actual amount of dye adsorbed per unit mass of
HOSDC increased from 4.66 to 29.15 mg/g and the
percentage removal decreased from 93.2 to 72.75 %.
A similar trend was also observed for MB adsorption
onto Parthenium hysterophorus [69] and MB onto
bamboo-based activated carbon [70].

3.2.6. Thermal effect

The dependence of the adsorption capacity
of MB on temperature has been investigated at 22,
40, 50 and 60°C. The temperature has two major
effects on the adsorption process. The adsorption
capacity increases with temperature due to the
increase of the rate of diffusion of the adsorbate
molecules across the external boundary layer and the
internal pores of the adsorbent particle, whose
decreases in case viscosity of the solution for highly
concentrated suspensions. In addition, changing the
temperature will change the equilibrium capacity of
the adsorbent for a particular adsorbate [71, 36]. Fig.
13 presents the temperature versus adsorbed amount.
It is clear that with the increase in temperature the
amount of adsorbed dye increases, indicating the
process to be endothermic. This kind of temperature
dependence of the adsorbed amount of MB may
reflect the increase in the case with which the dye
penetrates into HOSDC because of its larger
diffusion coefficient. In fact, a possible mechanism of
interaction is the reaction between the chromophore
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Figure 11. Effect of contact time and initial dye
concentration on the removal of MB dye onto
HOSDC (adsorbent dose=5g/L, pH= 12, solution
temp. = 22 +2°C and agitation speed = 250 rpm).
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Figure 12. Effect of contact time and initial dye
concentration on the adsorption of MB dye onto
HOSDC (adsorbent dose=5g/L, pH= 12, solution
temp. = 22 +2°C and agitation speed = 250 rpm).

Figure 13. Effect of solution temperature on the
adsorption of MB dye onto HOSDC (initial dye
concentration =200 mg/L, contact time = 120 min,
pH= 12, adsorbent dose = 5g/L and agitation speed =
250 rpm).
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groups such as alcoholic, carbonylic and phenolic of
the HOSDC and the cationic group in the dye
molecule; such a reaction could be favored at higher
temperatures. Hydrogen bond can occur between OH
groups of HOSDC and nitrogen atom of dye;
electrostatic attractive forces between cationic dye
ions and the surface of HOSDC as depending on pH
[72].

3.3. Isotherm analysis

Equilibrium data, commonly known as
adsorption isotherms, are basic requirements for the
design of adsorption systems [73]. In this work, the
equilibrium data for MB on hydrolyzed oak sawdust
composite were modeled with the Langmuir,
Freundlich and Temkin models. The linear plot of
specific adsorption (C. / q.) against the equilibrium
concentration (C.), (Fig. 14) shows that the
adsorption obeys the Langmuir model. The Langmuir
constants g, and K, were determined from the slope
and intercept of the plot and are presented in Table 1.
The value of the correlation coefficient (R* = 0.97
obtained from Langmuir expression indicates that
Langmuir expression provided a good linearity.

The essential characteristics of the Langmuir
isotherm can be expressed in terms of a
dimensionless constant separation factor Ry that is
given by the following equation [74]:

R =1/ (1+K, C,) (14)

where C, (mg/L) is the initial concentration of
adsorbate, and K, (L/mg) is Langmuir constant. The
value of Ry indicates the shape of the isotherm which
is unfavorable (R; > 1), linear (R = 1), favorable (0
<Ry < 1), or irreversible (Ry = 0). The Ry values for
the adsorption of MB onto HOSDC (Table 2) are
observed to be in the range 0-1, indicating that the
adsorption was a favorable process. The equilibrium
data were further analyzed using the linearized form
of Freundlich isotherm, by plotting log q. versus log
C. (Fig. 15). The calculated Freundlich isotherm
constants (KF, n) and the corresponding coefficient
of correlation, R* are shown in Table 1.

The coefficient of correlation is (R* = 0.99)
which expressing an agreement with the experimental
data of MB on HOSDC. The result shows that the
value of n is greater than unity (n = 1.818) indicating
that the dye is favorably adsorbed on HOSDC. This is
in great agreement with the findings regarding to Ry,
value. The magnitude of Freundlich constant
indicates easy uptake of MB from aqueous solution.
The adsorption data for MB on HOSDC were
analyzed by a regression analysis to fit the Temkin
isotherm model (Fig. 16). The parameters of Temkin
model as well as the correlation coefficient are listed
in Table 1. The coefficient of correlation was (R* =
0.83) showing the poorest fit to the experimental
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adsorption equilibrium data. Considering that
Langmuir isotherm assumes a monolayer coverage
and uniform activity distribution on the adsorbent
surface, this is an expected result. But adsorption of
methylene blue is quite a complex process, probably
forming multi layers and even closing some of the
pores. Also, a variation of sorption activity is
expected with surface coverage.

So it can be conclude that the Freundlich
isotherm model was more suitable for the
experimental data than other isotherms because of the
high value of correlation coefficient (R* = 0.99). A
similar result was reported for MB adsorption on
granular and powdered activated carbon [75].

y =0.026x + 0.4853
R? = 0.9657

0 10 20 30 40 50 60

c, (mglL)

Figure.14. Langmuir isotherm plot for adsorption of
MB dye onto HOSDC.

1.5 y =0.5495x + 0.5368
R? =0.9888

log q,

[] 0.5 1 1.5 2

log c,

Figure 15. Freundlich isotherm plot for adsorption of
MB dye onto HOSDC.

30 r
2 y =7.2298x - 2.9616
R? = 0.8304

q.(mg/g)

0 0.5 1 1.5 2 25 3 3.5 4 4.5
Inc,
Figure 16. Temkin isotherm plot for adsorption of
MB dye onto HOSDC.
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Table 1. Isotherms parameters for removal of MB on
HOSDC.

Isotherms Parameters Value
Qn (Mg/g) 38.46
Langmuir k. (L/mg) 0.0536
R’ 0.97
KF(mg/g(L/g)"™) 3.442
Freundlich 1/n 0.55
R’ 0.99
A (L/g) 0.664
Temkin B (J/mol) 7.23
R? 0.83

Table 2. Ry values for different concentrations

Dye concentration (mg/L) Value of Rp.
25 0.427
50 0.272
75 0.199
100 0.157
150 0.111
200 0.085

3.4. Adsorption kinetics

Adsorption is a physiochemical process that
involves the mass transfer of a solute (adsorbate)
from the liquid phase to the adsorbent surface. A
study of kinetics of adsorption is desirable as it
provides information about the mechanism of
adsorption, which is important for efficiency of the
process. The applicability of the pseudo-first order
and pseudo-second-order was tested for the
adsorption of MB onto HOSDC. The best-fit model
was selected based on the linear regression
correlation coefficient, R, values.

The kinetics of MB adsorption on HOSDC
was studied at different initial concentrations. Using
Eq. (7), In (q. — q;) versus t was plotted at different
MB concentrations and is shown in Fig. 17.The
Lagergren first-order rate constant (k;) and g,cal
determined from the model are presented in Table 3
along with the corresponding correlation coefficients.
In spite of correlation coefficients R* > 0.88 for all
initial MB concentrations studied, the first order
kinetic models is not suitable for the data, as is shown
in Fig.17. which indicates that In (q. — q) is slightly
increased after 180 min. The first order model
clearly does not fit in the region when the time is
larger than 180 min. Therefore, the experimental
kinetic data were further analyzed using the pseudo-
second-order model. By plotting t/q, against t for
different initial MB concentrations (Fig. 18), a
straight line was obtained in all cases and using Eq.
(8) the second order rate constant (k,) and q. were

http://www.americanscience.org

276

determined from the plots. The q.cal values along
with correlation coefficients for the pseudo-second-
order models are shown in Table 3.1t can be noticed
that k, decreases with increasing initial MB
concentration.

The decrease in the rate of MB removal with
increasing initial MB concentration may be due to
decreasing MB diffusivity as a result of the
association of dye molecules to form bulky
aggregates which becomes more pronounced at high
dye concentration [76]. The model fits the kinetic
data very well with R? >0.94, which is better than
pseudo-first, order kinetic (Table 3). These results
suggest that the adsorption of MB on HOSDC may
be best described by the pseudo-second-order kinetic
model with high correlation coefficients.A number of
authors have reported pseudo-second-order kinetics
for adsorption of methylene blue on wheat shells
[77], palygorskite [78] and dehydrated wheat bran
carbon [5].

The half-adsorption time, tys, is defined as
the time required for the adsorption to take up half as
much HOSDC as its equilibrium value. The half-
adsorption time is often used as a measure of the
adsorption rate and was calculated using the
following equation [79]:

tos = 1/ kz Je (15)
The diffusion coefficient largely depends on the
surface properties of adsorbents. The diffusion
coefficient for the intra particle transport of different
initial concentrations of MB were also calculated
using the following relationship [80]:

to.s =0.03r,> /D (16)
where t, 5 is the half life in seconds as calculated from
Eq. (15), r, the radius of the adsorbent particle in
centimeters and D is the diffusion coefficient value in
cm?/s. In these calculations, it has been assumed that
the solid phase consists of spherical particles with an
average radius between the radii corresponding to
upper- and lower-size fractions. The value of r, was
calculated to be 1.625x10™" ¢cm for HOSDC samples.
Calculated values of tys and D are given in Tables 3.
Pore diffusion coefficient was found to be in the
order of 107 ¢cm’® s as illustrated in table 3, which
indicating that the rate-controlling step is mainly pore
diffusion [45,81-82] because the overall rate of the
removal process is controlled by whichever is the
slowest process.

The pseudo-first-order and pseudo-second-
order kinetic models could not identify the diffusion
mechanism. Thus the kinetic results were then
analyzed by using the intraparticle diffusion model.
Fig. 19 represents the dependence of the amount of
the dye adsorbed at time t (q; ) on the square root of
time(t*®) this dependence had been used before by
Weber and Moris [45] to investigate intraparticle
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diffusion mechanism. For intraparticle diffusion
model, Ho [83] pointed out that it is essential for the
q. versus t-’plots to go though the origin if the
intraparticle diffusion is the sole rate-limiting step.
The intraparticle diffusion plots are given in Figure
19 for different initial MB concentration. The
linearity of the plots demonstrated that intraparticle
diffusion played a significant role in the uptake of
MB by HOSDC. In the present study, any plot did not
pass through the origin. This indicates that although
intraparticle diffusion was involved in the adsorption
process, it was not the sole rate-controlling step. This
also confirms that adsorption of MB on the adsorbent
was a multi-step process, involving adsorption on the
external surface and diffusion into the interior [84].
From the previous figure, the sorption
process tends to be followed by two phases. It was
found that an initial linear portion ended with a
smooth curve followed by a second linear portion.
The two phases in the intraparticle diffusion plot
suggest that the sorption process proceeds by surface
sorption and the intraparticle diffusion. The initial
curved portion of the plot indicates boundary layer
effect while the second linear portion is due to
intraparticle or pore diffusion. The slope of second
linear portion of the plot has been defined as the
intraparticle diffusion parameter k;, [85]. Table 4
shows the corresponding model fitting parameters,
indicating the adsorption mechanism follows the
intraparticle diffusion process. It was found that the
values of kj increased with increasing initial MB
concentration. The driving force of diffusion is very
important for adsorption processes. Generally, the
driving force changes with the adsorbate
concentration in the bulk solution. The increase of
adsorbate concentration results in an increase of the
driving force, which will increase the diffusion rate
of MB [86].0n the other hand, the intercept of the
plot reflects the boundary layer effect. Larger the
intercept, greater is the contribution of the surface
sorption in the rate-limiting step. The calculated
intraparticle diffusion coefficient k;, value at different
initial dye concentrations was shown in Table 4.

3.5. Adsorption mechanism

The prediction of the rate-limiting step is an
important factor to be considered in sorption process.
For solid-liquid sorption process, the solute transfer
process was usually characterized by either external
mass transfer (boundary layer diffusion) or
intraparticle diffusion or both. The mechanism for the
removal of MB by adsorption may be assumed to
involve the following steps [87]:

1. Migration of dye from the bulk of the
solution to the surface of adsorbent.
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2. Diffusion of dye through the boundary layer
to the surface of adsorbent.
3. Adsorption of dye at an active site on the
surface of adsorbent.
4. Intraparticle diffusion of dye into the interior
pore structure of adsorbent.
The boundary layer resistance will be affected by the
rate of adsorption and increase in contact time, which
will reduce the resistance and increase the mobility of
dye during adsorption [77].

¢ 25mg/L ¢ 50 mg/L
4 L 75 mg/L A 100 mg/
3 A 150 mg/L ® 200mgl
2
1
T o
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Figure 17. First-order plots of MB dye adsorption
onto HOSDC.
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Figure 18. Second-order plots of MB dye adsorption

onto HOSDC
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Figure 19. Intra-particle diffusion plots of MB dye
adsorption onto HOSDC
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3.6. Thermodynamics studies

The thermodynamic parameters for the
sorption of MB onto HOSDC at various temperatures
were calculated and listed in Table 5. The values of
AH’ and AS’ have been computed from the slope and
the intercept of the plot of In kc vs. 1/T (Fig. 20)
which gives a straight line with acceptable coefficient
of determination (R?), while the Gibbs free energy
change AG’ was calculated using eq. (11). The value
of AH" was positive, indicated that the adsorption
reaction was endothermic. The positive value of AS’
shows that increasing randomness at the solid/liquid
interface during the adsorption of MB on HOSDC.
The negative values of AG” indicate the spontaneous
nature of adsorption with a high preference of
methylene blue onto HOSDC. The decrease in the
negative value of AG” with an increase in temperature
indicates that the adsorption process of methylene
blue on HOSDC becomes more favorable at higher
temperatures [88].
In this study, the activation energy values were
higher than 42kJ mol' as presented in Table5
indicating chemically controlled process; also the
high values of the activation energy indicated that
diffusion is not a limiting factor controlling the rate
of adsorption. Consequently, adsorption of MB dye
by HOSDC appears to occur by chemisorption
Spontaneous and endothermic adsorption has also
been reported for the system of basic dyes on tree
fern [89], wheat shell [90], and mansonia wood
sawdust [91].

y = -5.9843x + 21.37
R? = 0.982

In K.
N
N

2.9 3 34 3.2 3.3 3.4
1000/T

Figure 20. Effect of temperature on MB kinetic
sorption for HOSDC (initial dye concentration =
200mg/L, adsorbent dose =5 g/ L, pH =12, contact
time = 270 min and agitation speed = 250 rpm).

3.7. Single-stage batch adsorber

Adsorption isotherm studies can also be
used to predict the design of single stage batch
adsorption systems [92-94]. The schematic diagram
for a single-stage adsorption process is shown in Fig.
21. The solution to be treated contains V (L) of water
and an initial MB concentration C, (200 mg/L),
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which is to be reduced to C. in the adsorption
process. In the treatment stage, the amount
ofadsorbent W (g) added is added to solution and the
dye concentration on the solid changes from qo =0 to
g.- The mass balance for the dye in the single stage is
given by
V(C, = Ce) = W(qe = qo) = W e (15)
The Freundlich isotherm data may now be applied to
Eq. (15) since the Freundlich isotherm gave well fit
to experimental data.

W/V=(C,-C.)/KFC™  (16)

Fig.22 shows a series of plots derived from

Eq. (16) for the adsorption of MB on the adsorbent
and depicts the amount of effluent which can be
treated to reduce the MB content by 90, 80, 70, 60
and 50% using various masses of adsorbent.

qc, mg of
solute/g of
adsorbent
W, g of
adsorbent

V, L of solvent
C, mg of solute/L of
solvent

V, L of solvent
C. mg of solute/L of
solvent

q,, mg of
solute/g of
adsorbent
W, g of
adsorbent

Figure 21. A single-stage batch adsorber.
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Figure 22. Volume of effluent treated against
adsorbent dose for different percentages of MB
removal.
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Table 3. Kinetic parameters for the removal of MB by HOSDC at 295K

Dye
concentration | 1% order 2" order to.s D*107
(mg/L) (min) (CmZ/S)

Kl R2 Cealc. KZ R2 qCcal

min’! (mgg  (gmg’ (mg/g)

) min)

25 0.0241 0955 5.12 0.266 0.996 5.76 0.65 203
50 0.0233 0974 9.46 0.045 0.993 10.65 2.09 63.2
75 0.0287 0961 17.56 0.015 0.965 17.92 3.72 35.5
100 0.0298  0.96 23.5 6.95%107 0.961 23.47 6.13 21.5
150 0.0188  0.88 24.63  2.57*107 0.942 36.1 10.78 12.2
200 0.0134 0972 2759 1.61*10° 0.968 43.48 14.29 9.2
Table 4. Intraparticle diffusion rate parameter at different initial dye concentration
Dye concentration | Kiq4 C, R21 Koyg C, R22
(mg/L)
25 0.4772 0.5781 0.991 0.1486 2.437 0.881
50 0.6859 0.9355 0.915 0.3026 3.3713 0.8506
75 1.0617 2.059 0.855 0.595 3.8778 0.756
100 1.4117 2.3085 0.928 0.6404 7.4521 0.7558
150 1.6305 2.4385 0.908 1.2652 5.0692 0.8305
200 2.2145 4.149 0.927 1.6442 3.2734 0.9564

Table 5. Thermodynamic parameters and activation energy for dye sorption onto HOSDC

Temperature AG’ Ea AH’ AS’

K (kJ mol-") (kJ mol-") (kJ mol-") (kJ mol-")
295 -2.43 52.2

313 -6.35 52.35 49.75 177.67
323 -1.73 52.44

333 9.12 52.52

4. Conclusions

The present study confirmed that the prepared
hydrolyzed oak sawdust calcium alginate composite
has an effective adsorbent for removal of methylene
blue dye from aqueous solution. Removal of methylene
blue dye is pH dependent and the maximum removal
was attained at pH 12. The equilibrium adsorption is
practically achieved through a time of 270 min. It was
also a function of initial adsorbent dose, dye
concentration, agitation speed and temperature of the
solution. Also adsorption equilibrium data follows;
Freundlich isotherm models. The kinetic study of
methylene blue dye on HOSDC was performed based
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on pseudo-first order, pseudo-second-order and
intraparticle diffusion models.

The data indicate that the adsorption kinetics
follow the pseudo-second-order model with intra-
particle diffusion as one of the rate determining steps.
The determination of the thermodynamic parameters
(AG’, AH" and AS’) indicates the spontaneous and
endothermic nature of the adsorption process. The
positive value of AS’ indicates that increasing
randomness at the solid/liquid interface during the
adsorption of MB on HOSDC. The activation energy of
adsorption of methylene blue dye was found to be
higher than 42 kJ mol' indicating chemically
controlled process.
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