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a b s t r a c t

The effect of initial concentration, particle size, mass of the adsorbent, pH and agitation speed on adsorp-
tion behaviour of methylene blue (MB) onto Jordanian diatomite has been investigated. The maximum
adsorption capacity, q, increased from 75 to 105 mg/g when pH of the dye solution increased from 4 to
11. It is clear that the ionisable charge sites on the diatomite surface increased when pH increased from 4
to 11. When the solution pH was above the pHZPC, the diatomite surface had a negative charge, while at
low pH (pH < 5.4) it has a positive charge. The adsorption capacity increased from 88.6 to 143.3 mg/g as
the initial MB concentrations increased from 89.6 to 225.2 mg/dm3. The experimental results were also
applied to the pseudo-first and -second order kinetic models. It is noticed that the whole experimental
data of MB adsorption onto diatomite did not follow the pseudo-first order model and had low correlation
coefficients (R2 < 0.3). The calculated adsorption capacity, qe,cal, values obtained from pseudo-first order
aste treatment kinetic model did not give acceptable values, qe,exp.

The maximum uptake capacity seems to be independent of the particle size of the diatomite when the
particle size distribution is less than 250–500 �m. While at larger particle size 250–500 �m, the maximum
uptake capacity was dependent on the particle size. It would imply that the MB adsorption is limited by
the external surface and that intraparticle diffusion is reduced. The effect of the agitation speeds on the
removal of MB from aqueous solution using the diatomite is quite low. The MB removal increased from
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p
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d

43 to 100% when mass of

. Introduction

The removal of coloured and colourless organic pollutants from
ndustrial wastewater is considered an important application of
dsorption processes using a suitable adsorbent [1]. There is grow-
ng interest in using low cost, commercially available materials
or the adsorption of dyes. Diatomite, a siliceous sedimentary rock
vailable in abundance in various locations around the world, has
eceived attention for its unique combination of physical and chem-

cal properties (such as high permeability, high porosity, small
article size, large surface area, low thermal conductivity and
hemical inertness) and as low cost material for the removal of
ollutants from wastewater [2]. For a successful scale-up of such a
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iatomite increased from 0.3 to 1.7 g.
© 2008 Elsevier B.V. All rights reserved.

rocess, kinetic studies are essential since they describe the adsor-
ate uptake rate, which in turn controls the residence time in the
dsorbent–solution interface. Many factors could affect the adsorp-
ion rate of MB adsorption onto Jordanian diatomite. In this study,
nitial dye concentration, particle size, mass of the adsorbent, pH
nd agitation speed were investigated and the results were anal-
sed using different kinetic models.

Various kinetic models have been reported in the literature to
escribe the adsorption process [3,4]. Each model has its own limi-
ations and is derived according to certain conditions. In this paper,
hree kinetic adsorption models will be used to describe the exper-
mental data.

The pseudo-first order equation could be described as [3],

og(qe − qt) = log(qe) − k1

2.303
t ⇒ ln(qe − qt) = ln(qe) − k1t (1)
By rearranging,

n
(

qe − qt

qe

)
= −k1t ⇒ qt = qe(1 − Exp(−k1t)) (2)
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the MB solution in the beaker at constant temperature 22 ◦C. Just
prior to adding the adsorbent material to the beaker, four milliliters
were taken from the beaker to calculate the initial MB concen-
tration. Four milliliters samples were withdrawn at different time
90 M.A. Al-Ghouti et al. / Journal of Ha

here qt is the amount of solute adsorbed on the surface of adsor-
ent (mg/g) at any time t (min), qe is the amount of MB adsorbed
t equilibrium (mg/g).

To calculate the rate constant of pseudo-first order, k1, a plot of
n(qe − qt) versus t gives a straight line with slope equals to (−k1).
n many cases the value of qe is unknown and adsorption tends to
ecome unmeasurably slow. Thus, it is necessary to obtain the real
quilibrium adsorption capacity by extrapolating the experimental
ata to t = ∞ or by using a trial and error method [5].

However, the simplest way to describe the kinetics of MB
emoval from an aqueous solution could be represented by using a
seudo-second order equation [6]

t

qt
= 1

h
+ 1

qe
t, h = k2q2

e

⇒ qt = qe
qek2t

1 + qek2t
,

(3)

2 is the rate constant of a pseudo-second order equation
g/mg min) and h is the initial adsorption rate (mg/g min).

In the intraparticle diffusion model, the relationship between qt

nd t1/2 could be written as [7],

t = xi + kpt1/2, (4)

here kp is the intraparticle diffusion constant (mg/g min1/2)and xi
s the intercept of the line which is proportional to the boundary
ayer thickness.

The intraparticle diffusion coefficient, D, was determined by
sing the following equations, which are derived from Fick’s law
8,9],

(t) = C0 − Ct

C0 − Ce
= qt

qe
=

[
1 − exp

(
−�2Dt

r2

)]1/2

r

n[1 − F(t)2] = −�2D

r2
t, (5)

here C0 is the initial MB concentration (mg/dm3), Ct is the MB
oncentration (mg/dm3) at time t (min), Ce is the MB equilibrium
oncentration (mg/dm3), D is the intraparticle diffusion coefficient
m2/s) and r is the particle radius assuming spherical geometry (m).

A plot of ln[1 − F(t)2] versus time, t, should be linear with a
lop of −�2D/r2, which is commonly known as the diffusional rate
onstant.

However, in the early stages of contact (between 0 and 5 min of
ontact) the system can be simplified by assuming that the con-
entration at the adsorbent surface tends toward zero (i.e., pure
xternal diffusion and the intraparticle diffusion to be negligible).
hus, the external diffusion process could be treated as follows:[
d(Ct/C0)

dt

]
t=0

= −kf
A

V
⇒

ln
Ct

C0
= −kf

A

V
t = −kf

(
6m

dm�

)
t

⇒ qt =
(

V

m
C0

)[
1 − Exp

(
−kf

A

V
t
)] (6)

here C0 is the initial MB concentration (mg/dm3), Ct is the MB
oncentration at time t (min), kf is the external surface diffu-

ion coefficient (m/min), A is the external surface area of the
iatomite (m2/g), V is the volume of solution (dm3), m is the
ass of the diatomite (g/dm3), dm is the mean particle diame-

er (m) and � is the density of the diatomite (g/dm3) (diatomite
ensity = 1.74 g/cm3 = 1.74 × 103 g/dm3).
Fig. 1. The molecular structure of MB.

. Experimental materials and methods

Methylene blue (MB) was selected as a model dye system. MB
epresented a basic-dye system with well-known properties (Basic-
ye 9(C.I. 52015), Solid, �max: 663 nm, ε: 170.1 dm3 g−1 cm−1) and

ts chemical structure is illustrated in Fig. 1.

.1. Adsorbent

Diatomite samples were obtained from borehole BT-36, depth
4–36 m in Al-Azraq region in East Jordan. Quantitative chemi-
al analysis of the diatomite obtained by X-ray florescence (XRF)
echnique revealed that the Jordanian diatomite consists mainly of
iO2 (72%), and it has 11.42% Al2O3, 5.81% Fe2O3, 7.21% Na2O and
.48% CaO. Before use, the diatomite was washed several times with
eionised water and dried overnight in an oven at 100 ◦C and then
llowed to cool in a desiccator. Other physical characteristics have
een reported in the previous publications [2,6].

.2. Kinetic studies

The MB solution to be treated and the diatomite were agitated
n a beaker for a sufficient period of time to enable the system to
pproach equilibrium. Kinetic studies were carried out in a 2 dm3

lass beaker. The glass beaker was equipped with four plastic baffles
istributed around the circumference. A six stainless steel flat blade

mpeller using an electric motor (Heidolph, RZR1) stirred the MB
olution. Fig. 2 illustrates the schematic diagram of batch reactor.

The adsorbent particles were thoroughly mixed with 1.7 dm3 of
Fig. 2. Schematic diagram of the batch reactor used in this study.
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Fig. 5. It is clear that the curves in Figs. 4 and 5 represent three dis-
tinct phases: (i) instantaneous adsorption of MB molecules within
5 min of the contact times, (ii) a gradual attainment of the equi-
librium where only about 2–8% of the adsorption is encountered.
This is due to the utilisation of the all active sites on the adsorbent
ig. 3. The effect of pH of MB solution on the removal of MB from aqueous solu-
ion by diatomite. Experimental conditions: Initial MB concentration: 100 mg/dm3,

ass of diatomite: 1.0 g, particle size: 106–250 �m, agitation speed: 300 rpm, and
emperature: 22 ◦C.

ntervals over 360 min and put it in different cuvettes for settling.
ifferent time intervals were chosen: 0, 5, 10, 15, 20, 25, 30, 60,
0, 120, 150, 180, 240, 300 and 360 min. This small sample volume
nsures that the volume of MB solution remains constant through-
ut the experiment. The final MB concentrations were determined
sing a PerkinElmer UV–vis spectrophotometer corresponding to
max of MB dye. The amount of MB adsorbed, qt, at time t was
alculated from the following equation,

t = (C0 − Ct)V
m

(7)

here C0 (mg/dm3) is the initial MB concentration, Ct (mg/dm3) is
he concentration of MB at time, t (min), V (dm3) is the volume of

B solution and m is the mass of adsorbent.
The effect of initial MB concentration, particle size, pH, mass

f adsorbent on MB adsorption was studied and the experimen-
al conditions are illustrated in Table 1. After the equilibrium time
f 360 min, the absorbance of MB in the equilibrium solution was
etermined.

. Results and discussion

.1. Effect of pH

The concentration of hydrogen and hydroxyl ions affects the
dsorption process through the dissociation of functional groups
n the diatomite surface. The effect of solution pH on MB adsorp-
ion onto diatomite was studied and the results are illustrated in
ig. 3. It indicates that the adsorption rate of MB adsorption onto
iatomite is very fast at the early stages (0–5 min) and then slows
own gradually.

It seems from Fig. 3 that the adsorption capacity of MB onto
iatomite increased with the increase in pH. The maximum adsorp-
ion capacity, q, increased from 75 to 105 mg/g when pH of the dye
olution increased from 4 to 11. It was shown that the zero point
f charge, pHZPC, of the diatomite was 5.4 [2]. Thus, it is clear that
he ionisable charge sites on the diatomite surface increased when
H increased from 4 to 11. When the solution pH was above the
HZPC, the diatomite surface had a negative charge, while at low
H (pH < 5.4) it has a positive charge. Hence, when the pH of MB
olution increased, the association of MB molecules increased as
escribed in Eqs. (8) and (9),
(8)

(9)

F
E
p
(
a
e
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From Fig. 3, it can be seen that the shape of qt versus time plots
f MB adsorption onto diatomite at pH 4 and 7.4 are quite similar in
omparison to that at pH 11. This might be due to the high negative
urface charge density on the diatomite surface at pH 11. Al-Ghouti
t al. [2] reported that the surface charge density of the diatomite at
H 4, 7.4 and 11 were +0.136, −0.06 and < −0.22 C/m2, respectively.

.2. Effect of initial MB concentration

Several experiments were carried out to determine the effect
f initial MB concentration on the MB removal kinetics from aque-
us solution. However, initial concentration provides an important
riving force to overcome all the mass transfer resistance of MB
etween the aqueous solution and the diatomite surface. As a result,
igh initial MB concentration will enhance the adsorption process
5]. Adsorption kinetic studies were measured as a function of initial
ye concentration and the results are illustrated in Fig. 4. Here, the
raction of MB in the solution was defined as the ratio of MB concen-
ration in the solution at time t, Ct, to the initial MB concentration,
0. The adsorption capacity increased from 88.6 to 143.3 mg/g as the

nitial MB concentrations increased from 89.6 to 225.2 mg/dm3.
Fig. 4 indicates that the adsorption of MB was very fast in the

rst few minutes (0–5 min). It is found that the time required to
each the adsorption equilibrium between the diatomite and MB
olution was less than 45 min. The dye concentration decreased in
he first contact of the diatomite with MB, where the concentra-
ion of MB decreased to 16, 34, 45 and 49% from the initial dye
oncentration in the first five minutes when the MB concentration
as 89.6, 149.6, 211.98 and 255.21 mg/dm3, respectively (see Fig. 4).

teep slope curves of MB adsorption onto diatomite indicate instan-
aneous adsorption which may be due to effects of surface acidic
unctional groups (silanol groups Si–OH) found on the diatomite
urface. Therefore, the adsorption of MB is thought to have taken
lace probably via surface adsorption until the surface functional
ites are fully occupied, thereafter, MB molecules diffuse into the
ores of the diatomite for further adsorption. The same behaviour
as observed by Mohan and Singh [10].

Due to the porosity of the diatomite, intraparticle diffusion was
xpected in the adsorption process. This was examined by plotting
B uptake, qt, against the square root of time, t0.5, as shown in
ig. 4. The effect initial dye concentrations on MB adsorption onto diatomite.
xperimental conditions: mass of diatomite: 1.7 g, volume of dye solution: 1.7 dm3,
article size: 250–500 �m, agitation speed: 300 rpm, pH: 11, and temperature: 22 ◦C
(i) instantaneous adsorption of MB molecules within 5 min of the contact times, (ii)
gradual attainment of the equilibrium where only about 2–8% of the adsorption is
ncountered, and (iii) an equilibrium attainment of MB molecules onto diatomite).
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Table 1
Experimental conditions of the various kinetic adsorption experiments for the removal of MB onto diatomite at constant volume of dye solution (1.7 dm3).

Parameter pH Mass of adsorbent (g) Particle size (�m) Initial dye concentration (mg/dm3) Agitation speed (rpm)

pH 4, 7.4, 11 1.0 (106–250) 100 300
Mass of adsorbent (g) 11 1.7, 1, 0.7, 0.3 (106–250) 100 300
P <106)

250–5
I 250–5
A 250–5
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initial MB concentration increases from 89.6 to 149.6 and from 212
to 255 mg/dm3. This could be attributed to the driving force of dif-
fusion. The driving force changes with the dye concentration in
the bulk solution. Thus, the increase of MB concentration results
article size (�m) 11 1.7 (
(

nitial dye concentration (mg/dm3) 11 1.7 (
gitation speed (rpm) 11 1.7 (

urface and (iii) an equilibrium attainment of MB molecules onto
iatomite. In addition, the initial curves are linear and the final por-
ion is also linear. The initial curved portions may be attributed to
he boundary layer diffusion effect, while the final linear portions
re related to the intraparticle diffusion effects. Mohan and Singh
10] observed the same behaviour of adsorption of azo dyes onto
oal-based sorbents. Thus, the slope of a linear portion is related to
he intraparticle diffusion parameter, kp, and is characteristic of the
ate of adsorption in this region where intraparticle diffusion is the
ate-limiting step [10]. The intraparticle diffusion parameter, kp, is
efined as the linear gradient for the relationship of the amount of
ye adsorbed per gram of adsorbent at time t. Although this rate
arameter does not have the usual dimension of a rate parameter, it
as similar characteristics to the rate of an adsorption process over
he linear portion of the plot [11]. However, the experimental data
t various initial MB concentrations were applied to the intraparti-
le diffusion kinetic model and the results are illustrated in Table 2.
t is observed that the straight line of the intraparticle region did not
ass through the origin and indicates that the intraparticle diffusion

s not the only rate-limiting step [10].
The experimental results were also applied to the pseudo-first

nd -second order kinetic models. It is noticed that the whole
xperimental data of MB adsorption onto diatomite did not follow
he pseudo-first order model and had low correlation coefficients
R2 < 0.3). The calculated adsorption capacity, qe,cal, values obtained
rom pseudo-first order kinetic model did not give acceptable
alues, qe,exp [2]. Fig. 6 shows that multiple lines are presented.
asically, a multiple pseudo-first order process means that a plot
f log(qe − qt) versus time, t, can be divided into two or three lin-
ar sections, each linear section representing a pseudo-first order
eaction mechanism. One stage corresponds to the initial binding
f the adsorbate molecules with the active sites on the adsorbent

urface, and the other stages represent a tendency of the adsor-
ate to form a uniform layer on the surface of the adsorbent [3,12].
t seems from Fig. 6 that the adsorption during the first step is
ery rapid compared with other stages, which are controlled by
film or intraparticle diffusion mechanism. The qe,cal values agreed

ig. 5. Three stages of MB adsorption onto diatomite and intraparticle diffusion plot
f adsorption of MB onto diatomite at various initial MB concentrations. Experimen-
al conditions: mass of diatomite: 1.7 g, particle size: 250–500 �m, agitation speed:
00 rpm, pH: 11, and temperature: 22 ◦C.

F
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, (106–250),
00)

100 300

00) 100, 150, 200, 250 300
00) 100 200, 300, 400

ith the experimental values, qe,exp, in the case of pseudo-second
rder kinetic model especially at low dye concentrations. When
he experimental results were applied to the pseudo-second order

odel, straight lines with high correlation coefficients (R2 = 0.9998)
ere obtained indicating that the adsorption process applies to the
seudo-second order kinetic model and the results are illustrated

n Table 2.
A comparison of pseudo-first and -second order kinetic models

f MB adsorption onto diatomite at various initial dye concen-
rations are illustrated in Fig. 7. This shows that pseudo-second
rder model is most applicable in describing MB adsorption onto
iatomite.

Table 2 shows that the intraparticle parameter, kp, increases with
ig. 6. Pseudo-first order adsorption kinetics of MB onto diatomite at various ini-
ial dye concentrations. Experimental conditions: mass of diatomite: 1.7 g, volume
f solution: 1.7 dm3, pH: 11, particle size: 250–500 �m, agitation speed: 300, and
emperature: 22 ◦C.

ig. 7. A comparison of pseudo-first and -second order kinetic models of MB
dsorption onto diatomite at various initial dye concentrations. Experimental con-
itions: mass of diatomite: 1.7 g, volume of solution: 1.7 dm3, pH: 11, particle size:
50–500 �m, rotating speed: 300, and temperature: 22 ◦C.
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Fig. 8. Proposed mechanism of MB adsorption on diatomite su

n an increase in the driving force, which will increase the dif-
usion rate of the molecular dye in pores. However, Table 2 also
hows that the effect of initial MB on the intraparticle diffusion
arameter, kp, was low and irregular. This suggests that the rate-

imiting step of MB adsorption onto diatomite is represented by
xternal diffusion instead of transport phenomena inside solid par-
icle. The irregularity of the kp could be related to the heterogeneity
f the diatomite structure and the capability of MB molecules to
gglomerate on its surface, especially at high dye concentrations.
l-Ghouti et al. [2] showed explicitly the adsorption mechanism of
B molecules onto the diatomite surface. In addition, Fig. 8 shows

schematic representation of MB adsorption onto diatomite sur-

ace. Moreover, the MB agglomeration might cause blockage of the
ores on the diatomite structure [13,14]. However, the intraparticle
iffusion plots with high correlation coefficients indicate the pres-
nce of the intraparticle diffusion process as one of the rate-limiting

F
r
p
w
v

and the possible orientations of MB on the diatomite surface.

teps in the adsorption system of MB onto diatomite. Moreover, it
s clear from Fig. 5 that the straight lines of the intraparticle plots
o not pass through the origin and the values of xi, which relates to
he boundary layer resistance, is relatively high, i.e., the larger the
ntercept, xi, the greater is the contribution of the surface adsorp-
ion in the rate-limiting step; hence, the intraparticle diffusion
rocess may not be the sole rate-limiting step in the adsorption pro-
ess (Ho and McKay [12]). Table 2 illustrates that the intraparticle
iffusion coefficient, D, decreases with increasing initial dye con-
entration. It could also be explained by the capability of the dye to
orm micelles (aggregation behaviour) at high concentrations [14].

or pore diffusion, the rate of pore diffusion, D, should be in the
ange between 10−11 and 10−13 cm2/s. Moreover, the value of intra-
article diffusion coefficient, D, at various initial dye concentrations
as between 3 × 10−8 and 9 × 10−8 cm2/s. This shows that the D

alue is high, suggesting that the intraparticle diffusion process is
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ot the only rate-limiting step in MB adsorption onto diatomite.
hus, the intraparticle diffusion may have a little effect on MB
dsorption onto diatomite. Moreover, the film diffusion coefficient
s relatively more important than pore diffusion in MB adsorption. It
s shown in Table 2 that the values of external diffusion coefficient,
f, decrease by increasing initial dye concentration. Khraisheh et al.
15] reported the effect of surface area and pore distribution on MB
dsorption onto diatomite. They showed that mesopores are domi-
ant of the total pore volume for diatomite and calcined diatomite.
he contribution of macropores in adsorption is less than 1% of the
otal surface area. The mesopores have the most influence in the
dsorption of organic solutes, which enables their surfaces to be
ccessible to solute molecules.

The rate coefficient of the pseudo-second order kinetic model
ecreased from 3.9 × 10−3 to 3.2 × 10−3 mg/g min when the initial
B concentration increased from 89.6 to 255.2 mg/dm3. The kinetic

arameters of MB adsorption onto diatomite were calculated from
he slope and the intercept of the linearised form of the pseudo-
econd order equation. It seems from Table 2 that the values of
increase with the increase in the initial MB concentration. The

alue of h increased from 31.09 to 65.31 mg/g min. This behaviour
as observed by various authors [16,17]. This could be attributed

o many factors; increasing the dye concentration might reduce
he diffusion of dye molecules in the boundary layer and enhance
he diffusion in the solid. Chu [17] also explained this behavior in
erms of the degree of adsorbate loading on the adsorbent. At low
nitial concentration, the adsorbate will bind preferentially to high-
nergy sites because they are usually taken up by the adsorbent
rst and then sites of lower energy are progressively filled as the
dsorbate loading is increased. Therefore, the higher value of rate
arameter of pseudo-second order is to be expected. On the other
and, high initial dye concentration will yield a lower value of rate
arameter. Moreover, increasing the MB concentration seems to
ecrease an electrostatic interaction of the site with lower affinity
or MB molecules. It seems that the value of adsorption capacity,
e, increased with an increased of initial dye concentration. This is
ue to the efficient utilisation of the adsorptive capacities of the
iatomite by the greater driving force by a higher concentration
radient.

.3. Effect of particle size

To illustrate the effect of the diatomite particle size on MB

dsorption, three ranges of the particle size distribution, <106,
06–250 and 250–500 �m, were used and the results are shown
n Fig. 9. It can be seen from Fig. 9 that the maximum uptake capac-
ty seems to be independent of the particle size of the diatomite

hen the particle size distribution is less than 250–500 �m. While
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t larger particle size 250–500 �m, the maximum uptake capac-
ty was dependent on the particle size. It would imply that the MB
dsorption is limited by the external surface and that intraparticle
iffusion is reduced. Similar results were obtained on vanadium(IV)
dsorption onto chitosan [18]. It was noticed that the difference
etween <120 and 120–250 �m on vanadium(IV) adsorption was
ardly visible, but for higher particle ranges, the variation cannot
e neglected. Thus, it appears that the particle size of the diatomite
as a weak effect on the shape of the experimental curves except for
he large particle size. However, in order to investigate the effect of
he various particle sizes on MB adsorption, intraparticle diffusion,
seudo-first and -second order kinetic models were applied on the
xperimental data and the results are illustrated in Table 3.

It is worth noting that to examine the intraparticle diffusion as
rate-limiting step, a plot of the intraparticle diffusion parame-

er, kp, versus the square of the inverse particle diameter should
ield a straight line [19,20]. Theoretically, the kp and the adsorp-
ion capacity are related to available adsorbent surface area. For a
pherical adsorbent particle and for a given mass of adsorbent, the
otal surface area is inversely proportional to the adsorbent particle
iameter. Therefore, if only surface adsorption sites were utilised
or dye removal, adsorption capacity should be proportional to the
nverse particle diameter, 1/d, for a given adsorbent mass [19,20].
he plot of rate parameter versus square inverse diameter did not
ive a straight line and the only conclusion is that the intraparticle
iffusion was not the only operative mechanism.

An examination of the effect of MB concentration on the rate
arameter, kp, provides additional information regarding to the
ye adsorption process. The nature of the rate-limiting step was
lso confirmed by plotting the rate parameter, kp, versus the first
ower of the initial concentration for the process. The rate parame-
er, kp, should be proportional to the first power of concentration for
he process controlled by external diffusion. However, when pore
iffusion limits the adsorption process, the relationship between
ye concentrations and the rate parameter, kp, will not be linear
21]. The calculated rate parameter, kp, was proportional to the
rst power of concentration only during the first 5 min of the pro-
ess. This indicates that only during the initial stage of the process
0–5 min) is the adsorption controlled by external diffusion, and
hen the intraparticle diffusion becomes the rate-limiting step of
he process [21].

Table 3 also shows that the intraparticle diffusion coefficient,
, increases with particle size. This behaviour is expected due to

he decrease in the surface area available for adsorption with larger
article size. Consequently, the number of available site for adsorp-
ion reduced, the dye molecules then tend to adsorb on the surface
nd diffuse into the particle more readily [14]. Furthermore, the
igh value of the intraparticle diffusion coefficient, D, of the adsorp-
ion system at various particle size distributions indicates that the
ntraparticle diffusion is not the only rate-limiting step.

In addition, the variation of the particle size affects the time
equired to reach equilibrium in which the equilibrium time
ncreased from 20 to 45 min as particle size increased from <106
o 250–500 �m. Thus, the decreasing particle size decreases the
ime required to reach equilibrium. It is clear that increasing the
article size diameter results in an increase in the external diffu-
ion coefficient, kf. The same trend was obtained by McKay et al.
22]. However, the smaller particle sizes agitated in a beaker will
end to follow the vortex, which was developed as the result of agi-
ation. As a result, less shear exists between the single particle and

he surrounding liquid. This behaviour is different for a large parti-
le size in which the large particle size tend to resist motion due to
ts own moment of inertia and therefore relatively more shear will
xist between larger particles and the liquid. Moreover, it might
e explained by the fact that for a small particle a large external Ta
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Fig. 10. Effect of agitation speeds on MB adsorption onto diatomite during the first
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urface area is presented to the solute molecules and as a result
owering the driving force per unit surface area for mass transfer
han for larger particles [22].

It is also noticed from Table 3 that the pseudo-second order
arameter, k2, notably decreases from 0.0213 to 0.0039 (g/mg min)
s the particle size increases from <106 to 250–500 �m. It can
lso be shown from Table 3 that the initial rate, h and the adsorp-
ion capacity, qe, increases with a decrease in particle size of the
iatomite. This could be attributed to the mechanism of MB adsorp-
ion onto diatomite, which may be by surface adsorption. Because
he adsorption of MB may govern by surface adsorption onto
iatomite, it seems that the k2 noticeably increased from 0.0039
o 0.0213 g/mg min. It is worth noting here that the qe,cal values
greed very well with the qe,exp values in the case of the pseudo-
econd order kinetic model. It suggests that the adsorption process
f MB adsorption onto diatomite may be a pseudo-second order
eaction.

.4. Effect of agitation speed

Agitation speed influences in the distribution of the dye
olecules in the bulk solution but can also act on the formation of

he external boundary film [18]. The varying of the agitation speed
n a batch reactor is usually used to confirm the absence of sig-
ificant external resistance. If mass transfer of dye molecules is
n important factor in controlling the rate, then the rate of agi-
ation would have an effect on the uptake. Increasing agitation
peed decreases the film resistance to mass transfer surrounding
he adsorbent particle and increases the mobility of the system [23].
he effect of the agitation speeds on MB adsorption onto diatomite
as carried out. Three agitation speeds 200, 300 and 400 rpm were

ested in order to investigate the kinetic process of MB adsorption
nd the results are illustrated in Fig. 10. It is clear from Fig. 10 that
he effect of the agitation speeds on the removal of MB from aque-
us solution using the diatomite is quite low. Table 4 illustrates the
seudo-first and -second order, external and intraparticle diffusion
inetic models at various agitation speeds.

The effect of agitation speed on the intraparticle diffusion
arameter was changeable. It is clear that the intraparticle param-
ter increased from 1.36 to 4.13 mg/g min1/2 with decreasing the
gitation speed from 400 to 200 rpm. This was probably because
he resistance of the particle surface of the diatomite was low for
he molecular dye from bulk solution into particle pores. Moreover,

he external diffusion parameter, kf, also increased from 0.029 to
.044 m/min. It can be seen that there is an obvious effect of the
gitation speed on the adsorption rate of MB removal by diatomite.
t can be attributed to the decrease in boundary layer thickness
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ig. 11. Effect of mass of diatomite on MB adsorption. Experimental conditions:
article size 106–250 �m, pH of solution: 11.0, volume of solution: 1.7 dm3, agitation
peed: 300 rpm, and initial dye concentration: 100 mg/dm3.

round the diatomite particles being a result of increasing the
egree of mixing (i.e., the boundary layer resistance decreases,
reating a small difference between the solute concentration in
he bulk solution and at the surface of the particle) [1,24]. This
ndicates that the external diffusion control process may play an
mportant role in the dye removal. A plot of ln(kf) versus ln(rpm)
rpm: agitation speed) is expected to be linear (Walker et al. [13]).
his behaviour is described by Eq. (10) (R2 = 0.9948),

ln(kf ) = 0.61 ln(rpm) − 6.7426
⇒ kf = 1.18 × 10−3(rpm)0.61 (10)

.5. Effect of mass of diatomite

Different masses of diatomite were chosen to study the effect of
he adsorbent mass on the adsorption process. 1.7, 1.0, 0.7 and 0.3 g
ere chosen and the experimental results are shown in Fig. 11. The

oncentration decays plots of MB adsorption at various masses of
dsorbent onto diatomite are illustrated in terms of the ratio of Ct/C0
ersus time, t. It can be seen that the MB removal increased from
3 to 100% when mass of the diatomite increased from 0.3 to 1.7 g.
ifferent kinetic models were also used to calculate the adsorp-

ion parameters at various masses of adsorbent and the results are
hown in Table 5.

It is known that the diatomite surface contains silanol groups,
hich could act as active centres for exchange with cationic

asic-dye (MB), and thus leading to the chemical adsorption
echanism. The value of intraparticle diffusion parameter, kp,

emarkably increased from 1.98 to 12.76 mg/g min1/2 when mass
f the diatomite decreased from 1.7 to 0.3 g. Thus, resistance due
o intraparticle diffusion could be considered as negligible when
he high adsorbent masses were used. When the adsorbent mass
ncreased, the ratio of adsorbent/adsorbate in the system increased,
esulting in the domination of external diffusion and reduced the
ffect of intraparticle diffusion [22]. In addition, it is shown from
able 5 that the qe,cal values of pseudo-second order equation do
ot agree well with the experimental values, qe,exp when the mass
f the diatomite was less than 1.7 g.

It is observed from Table 5 that increasing the mass of the
iatomite results in an increase in the external diffusion parameter,
f. This behaviour could be explained as the external mass transfer
oefficient will depend on the driving force per unit area. Conse-
uently, increasing the mass of the diatomite increases the surface

rea for adsorption and hence the rate of MB removal is increased
22]. McKay et al. [22] explained that by taking into account the

obility of the adsorbate (p-chlorophenol) molecules in a system
here more particles was added, the turbulence from particles will

e increased and possibly the effect of inter-particle shear reduces Ta
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he boundary layer to some extent. As a result, the mobility of the
dsorbate will increase and possibly eases in crossing the bound-
ry layer to the particle surface. It is also clear from the results
eported in Table 5 that the calculated values of the adsorption
apacity from pseudo-second order, qe,cal, agree with the experi-
ental value, qe,exp, at 1.7 g. At lower weight, the qe,cal did not agree
ell. This may be explained by the formation of MB agglomeration

n the diatomite surface.

. Conclusion

It was clear that the adsorption MB onto diatomite was exter-
al diffusion controlled and in addition the adsorption processes
bey the pseudo-second order process. The rate of adsorption of MB
nto diatomite was very high in the first few minutes. This was then
ollowed by a slower rate, and gradually approached a plateau. Equi-
ibrium was reached after a rather long contact time of 50 min. The
inetics of adsorption of MB molecules onto diatomite was well rep-
esented by the pseudo-second order kinetic model. Various kinetic
odels were applied such as external and intraparticle diffusion
odels, which allow for investigating the important transport

arameters such as the resistance of the external film and the diffu-
ivity of the adsorption process. The experimental results suggest
hat the rate-limiting step mechanism of the adsorption of MB onto
iatomite may vary throughout the adsorption process into differ-
nt stages, (i) external diffusion which dominates at the beginning
f the process (0–5 min), (ii) a reaction which might govern the
ubsequent part of the process (chemically adsorption), and (iii)
ntraparticle diffusion process, where the adsorption dramatically
lows down.
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