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ABSTRACT

In this work, a novel kinetic model is introduced to represent the batch adsorption for
aqueous-solution/porous-solid systems. The model proposes that the rate of adsorption is
controlled by three parameters: solute concentration, n-powered time, and what is called
varying-resistance against adsorption. Applicability of the model was examined by investi-
gating the performance of the model considering the batch adsorption of methylene blue
from aqueous solution onto three different adsorbents: hybrid resin-gel (MFTAT), commer-
cial exhausted black tea, and dried pea husk. The effect of initial concentration was studied
to explore model behavior. According to results and determined data, the DB-model success-
fully estimated the adsorption capacities and the rate constants. In addition, the DB-model
managed to recognize the relative contributions of diffusion in the adsorption processes.
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1. Introduction

Rapid increase in the number of industrial and
workshop facilities causes increase in the amount of
wastewater produced. Removing organic and inor-
ganic pollutants from wastewater effluents is an
important task to guarantee safe-water resources.
Adsorption of such pollutants onto solid adsorbents,
especially porous materials, is widely applied due to
its efficiency and easiness. Batch adsorption is the
usual applied technique in laboratory and small scale
treatment applications. In this technique, polluted
water and grains of the porous adsorbent are brought
into contact for a specific period of time to guarantee
considerable decrease of pollutant concentration. In
most cases, this contact is performed under stirring or

shaking to enhance adsorption rate. Determining the
rate at which a pollutant adsorbs onto an adsorbent
and also determining the adsorption capacity are
crucial to design a versatile wastewater treatment
system. Adsorption kinetic models should give the
adsorption rate constant and estimate the adsorption
capacity of considered adsorption system as practical
usefulness [1]. Besides, studying the kinetics of
adsorption through theoretically ~well-established
models are necessary for understanding the contribu-
tion of different mechanisms in adsorption process [2].

Pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models, which are initially presented as
empirical formulae, are usually applied for studying
the rate of adsorption [3-5].  Recently,
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modified-pseudo-first-order and pseudo-n-order have
been also applied [6]. PFO and PSO kinetic models
have been lately theoretically verified [7,8]. It is well
established that these models (specifically PSO) reflect
the dependency of adsorption rate on the available
active-sites on the surface of adsorbent rather than sol-
ute concentration [9]. In addition, and in general,
these models are suggested to describe the chemical
and/or physical binding interaction (i.e. surface reac-
tion) between solute and active-sites of the adsorbent
[9,10]. The wide success of these models to satisfacto-
rily describe an adsorption process is suggested from
both the goodness of fitting of experimental data
points (which is concluded from the determination
coefficient, R?) and from the accuracy of model-esti-
mated capacity with respect to experimental capacity
[11,12].

However, successful application of these models
on different adsorption systems did not adequately
confirm, in many cases, that the rate of adsorption is
dependent only on surface interaction [9,10]. It is a
fact that diffusion mechanisms contribute in adsorp-
tion processes which utilize porous adsorbents [9,13].
These pseudo-models do not clearly reflect the role of
diffusion mechanisms even after theoretical base has
been given [9,10]. Moreover, the assumption that
intraparticle diffusion is the rate-controlling step in
the vast majority of adsorption cases has been widely
accepted, especially when porous adsorbent is applied
[9]. This means that surface reaction (binding: the
transition of solute molecules or ions from solvated
state into adsorbed state [1]) is not the sole event to
represent the adsorption processes. In other words,
these pseudo models do not necessarily identify the
adsorption mechanism(s) in a precise way.

Introducing a kinetic model able to simply dis-
cover the relative contributions of diffusion and bind-
ing in addition to predicting adsorption rate constant
and adsorption capacity would be useful. This work
presents a novel empirical model that can give infor-
mation about adsorption mechanism(s) in addition to
essential data; adsorption rate constant and adsorption
capacity. The basic assumptions of this new model
and its differential and linear equation forms are
introduced. In its linear form, the model describes the
kinetics of adsorption through the change of expres-
sion of solute concentration, C;, with n-powered time,
t". For simplicity, the model is named DB-model to
stand for Diffusion and Binding.

To verify the applicability of DB-model, kinetic
studies of adsorption of methylene blue (MB) onto
three different adsorbents (Hybrid resin-gel, commer-
cial dried roasted tea and dried pea husk [DPH]) were
carried out. There are several experimental conditions
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that should be considered to asses the model such as
initial concentration, solution pH, temperature, and
shaking speed. As a start, initial concentration of sol-
ute (MB) was considered the sole condition to study
in this work due to its prime importance. For the
three adsorption systems, DB-model showed accepted
linearity according to the values of the coefficient of
determination, R* [10]. Adsorption rate constants and
significantly ~good-estimated adsorption capacities
were easily determined. Besides, by a simple analysis,
the model could give an indication about the contribu-
tion-degree of diffusion and binding with respect to
time. It is important to mention that other conditions
that always significantly affect the adsorption pro-
cesses (such as, pH, temperature, and shaking speed)
will be considered in separate future works.

2. Materials and methods
2.1. Chemicals and adsorbents
2.1.1. Chemicals

Analytical grade MB cationic dye (C;6H;5CIN3S)
was used in this work as pollutant. Its maximum
absorbance in aqueous solution is at Amax=664nm.
Absorbance values at A.,., have been used to deter-
mine MB concentrations for adsorption experiments.
The absorbances were determined using Shimadzu
UV-160.

2.1.2. Hybrid resin-gel: melamine formaldehyde tartaric
acid/acrylamide tartaric acid, MFTAT

Details of synthesis and characterization of the
MFTAT hybrid resin-gel were presented in a previous
work [14]. In brief, the synthesis includes reaction of
several components [melamine (3.2g), tartaric acid
(4.5g), acrylamide (1.4g), and formaldehyde (6 ml)] at
about 120°C until formation of a white dense slurry
product which then was transferred to a gamma radi-
ation cell to receive a dose of 2kGy. A solid MFTAT
is formed after gamma irradiation. Then, MFTAT
grains (355-710pum) ready for adsorption were
produced.

2.1.3. Commercial exhausted black tea

Commercial bags of roasted black tea (Egyptian
local product of EL AROSA TEA Company) were pur-
chased from a local market and boiled several times
with fresh distilled water to remove its content of nat-
ural dye. Leaves were then oven-dried at 50°C for 72 h
producing exhausted black tea (EBT) material. EBT
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was stored in a tightly closed plastic vial until use for
adsorption. EBT was used as it is without grinding
(its size was about 1 mm).

2.1.4. Dried pea husk

Fresh pea husk was collected from a food canning
company, (Egyptian local company, Kaha for food
industries). The husk was exposed to sun for five days
and then oven-dried at 50°C for 24h producing DPH
material. DPH was then ground and sieved to obtain
the selected particle size fraction (355-710 pm). This
fraction was stored in a tightly closed plastic vial until
use for adsorption.

2.1.5. Porosity of adsorbents

BET analysis was performed for MFTAT, EBT, and
DPH samples. The main data are given in Table 1. It
can be concluded from table that meso- and macro-
pores are the dominant pores for tested adsorbents for
MFTAT and EBT, whereas it is about 75% for DPH.

2.2. Batch adsorption experiments

All adsorption experiments were carried out using
Companion SI-300R shaker where temperature was
kept at 25°C. Prior to adsorption, the pH value of pre-
pared MB-solutions was pre-adjusted using Hanna
pH-meter (H18519) to be about 6.7+0.02. Different
MB-initial concentrations were applied; C;: 6, 8, and
10 ppm. MB-adsorption onto any adsorbent constitutes

Table 1

BET analysis of MFTAT, EBT and DPH

Character MFTAT EBT DPH
Total surface area (m*g ") 355 189 5.1

Micro-pores surface area (m*g ") 0.2 0.9 1.3
Meso- and macro-pores (%) 99.4 952 745
Total average pore diameter (nm) 13.4 - -

Table 2
Experimental adsorption conditions for adsorption systems

MFTAT EBT DPH

MB-adsorption onto

Adsorbent mass (g) 0.25 01 025

Shaking speed (rpm) 125 150 100

MB-absorbance measurement each 10 5 10
at (min)

C¢ determination at (min) 120 65 100

C. determination at (h) 24 8 48
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MB-solution volume of 50ml. Table 2 gives the other
experimental adsorption conditions for each adsorp-
tion system.

2.3. Introduction to and assumptions of DB-model and
method of application

2.3.1. Introduction to DB-model

For a vast majority of different adsorption systems,
the known kinetic models (PSO- and PFO-model) are
frequently successful to determine adsorption rate
constant and capacity which are the main objective of
a model. Their linear forms relate an expression con-
stituting g, vs. t. Nevertheless, these models can not
predict the diffusion(s) that may contribute in the
adsorption process. These models theoretically con-
sider that binding-interaction is the essential event of
adsorption and considered to be the main controlling
step [15]. On the other hand, however, the important
linear equation of Webber-Morris model relates g,
directly with 0.5-powered time, 95 [16]. Webber-Mor-
ris model is always applied successfully for the deter-
mination of diffusion types that may contribute in an
adsorption process. However, this model is not suit-
able to determine adsorption capacity. In brief, each of
these model-types is not solely suitable to adequately
represent the adsorption process in many cases [10].

Most of adsorbents that are being utilized for the
removal of pollutants from waters are porous materi-
als. For these adsorbents, diffusions phenomena essen-
tially and naturally occur during the course of an
adsorption process [9,15]. It is not suitable to neglect
the effect of diffusions on adsorption rate and to focus
on binding-interaction as a sole predominant step
[9,15]. Consequently, a kinetic model that deals with
adsorption process on a porous material has to
include parameters that reflect the different effective
mechanisms in the adsorption process. Besides, it may
be reasonable to accept that rate of intraparticle diffu-
sion may change during adsorption process [16]. This
is due to regular change of adsorption events with
pore size from macro- to meso- to micro-pores, respec-
tively [17].

Both of diffusion and binding should be consid-
ered when proposing a model that can represent
adsorption on porous materials. Assumptions of DB-
model considered this approach suggesting that
dependency of an adsorption process would be on
diffusion and binding. Their inter-relative weights
(degree of effectiveness) in the process would judge
the total performance of an adsorption system. In
addition, the model takes into consideration that each
adsorption system has its own inherent character
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which is introduced in model’s equation as (CiC./C;)
where C;, C¢ and C, are respectively the initial concen-
tration, final concentration (concentration by the end
of kinetic experiment) and equilibrium concentration
(concentration after longer period of time to guarantee
complete equilibration) of solute.

2.3.2. Assumptions of DB-model

In this work, rate of adsorption, r.q4s, is defined as
—dC;/dt. The DB-model proposes that rate of adsorp-
tion is dependent on the following parameters:

(1) Solute concentration, C;, which by time causes
decrease of adsorption rate due to its decrease
as time of adsorption process elapses until
equilibration.

(2) Time powered to a wvariable I, t. As time, t,
elapses, ' increases and adsorption rate natu-
rally decreases. As a rule, time should not be
considered as a variable. However, in this
work, due to the fact that involving adsorption
steps have different rates, it is supposed that
normal time scale can be optimized to represent
these mechanisms as if having same modified
time scale [18]. Powering the time normalizes
the different rates of the mechanisms involving
in the adsorption process, diffusions, and bind-
ing, with respect to time. In the present work,
the linear form of DB-model is given as an
expression of C; vs. . A similar empirical dif-
fusion-chemisorption kinetic model was devel-
oped by Sutherland in 2004 [19]. In its linear
form, (qez)/(qe—qt):KDC t"+g., an expression
of q; is give to be determined vs. t". Also,
recently, Sutherland’s model was applied on
adsorption of cesium onto chemically modified
pine cone powder [20]. By applying the non-lin-
ear forms of this model and PSO-model, the
results indicated that Sutherland’s model repre-
sented the adsorption process better than PSO-
model for the modified pine cone case.

(3) A parameter named the varying-resistance against
adsorption (VRA) which is defined as the differ-
ence between solute concentration at any time
during adsorption, C;,, and a constant A, i.e.
(C;—A). The constant A is named the condi-
tioned balancing factor (CBF) and equals (C:C./
C;). CBF is considered as inherent character of
an adsorption system. VRA parameter has the
expression (C;—(C{C./C;). This parameter
might be considered as a barrier which should
be overcome at any time of adsorption process
to achieve the final concentration. As the
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numerical difference between solute concentra-
tion, C; and A decreases due to decrease of C;,
barrier becomes weaker, then C; suffers higher
rate of decrease and adsorption rate tend to
increase. In other words, VRA parameter
resembles a resistance against adsorption and
as time elapses, C; decreases, VRA also
decreases and hence adsorption process faces
less resistance. Accordingly, this parameter
causes increase of adsorption rate.

According to the previous proposals, the model
considers that rate of adsorption (r,gs=—dC;/dt) is:

(1) Directly proportional to solute concentration at
time ¢, C;.

(2) Inversely proportional to I-powered time, t.

(3) Inversely proportional to VRA, (C; — (CiC./Cy).

Mathematically, the dependence of rate of adsorp-
tion on the three parameters can be written as follows:

Lo_da G "
dt = VRA x ¢

Fads = 011? (o (cfg: JC)) < £ @)

ads = _% = koo X (5 — (cfcif JCH) x f ®)

_/%ftce/q)dq — ko /%dt ()

By integrating Eq. (4) under the conditions: C;=C;
at t=0 and C;=C; at t=t, a linear equation form is
produced:

Cf Ce kDB

Ci lnCt—Ctzl_ltl_l—D, (5)

where kpg is the DB-model adsorption rate constant
and D is the integration constant.

For simplicity; consider 1—I=n, then Eq. (5)
becomes:

CiC,

1

InC; —C;=St"—D, and slope, S=kpg/n (6)

Eq. (6) is considered linear by relating ((C¢C./C;)
In C;—Cp) against t". The constant D, the integration
constant, can be determined by applying the initial
condition C;=C; at t=0 on Eq. (6), then:
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CCe

D =
G

In Ci — Ci (7)

2.3.3. Method of applying DB-model

When an adsorption system obeys DB-model,
applying Eq. (6) on system’s Kkinetic data points
should give a linear plot of ((C(C./C) In C;—Cp
against t". The linearity is produced under the condi-
tion of properly selecting the value of the power n. By
using a data sheet program, linear regression can be
applied on the experimental result, ((C;C./C;) In
C;—C;) against t". The proper selection of n-value
should give a line of the highest determination coeffi-
cient, R%, and in the same time the program-calculated
value of the constant D should be equal or very close
to ((C{Ce/C) In C;—Cy) according to Eq. (7). The
adsorption rate constant, kpg, can be determined from
line-slope according to the following expression:
Kpp=Sxn (mgl' min™) (8)

The estimated adsorption capacity by this model,
gpp, can also be determined using the following
expression:

(mg g™") ©)

gop = S x t" x K

m
where V and m are respectively the solution volume
and used adsorbent mass. In this study, the solute
concentrations, solution volumes, adsorbent masses,
and time have the next units respectively; ppm, 1, g,
and min. The unit of rate constant (kpg) should be
mgl ' min "

Throughout this work, DB-model is assessed by
considering determination coefficients (R?) and its esti-
mated capacities [1,10]. Estimated capacity assessment
was performed by calculating the relative error per-
centage with respect to experimental data according
to the following relation [6]:

REps (%) = 100 x 120~ 9ExP

qExP

(10)

where gpg and ggxp are DB-model capacity and
experimental capacity respectively.

2.4. PSO model

PSO-model was applied on the same experimental-
adsorption data sets of points on which DB-model
was applied. The aim is to compare DB-model
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outputs with a well known and widely used model,
PSO [10]. The following linear form of PSO-model
was applied in this work [21]:

t 1 t
S N 11
9t kesof?  qrso (11)

where gpso and g, (mgg ") are adsorption capacity at
the end of kinetic adsorption experiment and at time
t, respectively, and kpso (gmg 'min~") is the PSO-
model adsorption rate constant. Assessment of PSO-
model was regarded through determination coefficient
(R*) and relative error percentage of its estimated
capacity with respect to experimental capacity in the
same way as for DB-model according to following
relation:

RErso (%) = 100 x P50~ qexe

JEXP

(12)
where gpso is PSO-model capacity.

3. Results and discussion (DB-model performance)
3.1. Adsorption of MB onto MFTAT

Fig. 1 shows the MB-removal percentage (R%) by
MFTAT against time of different MB-initial concentra-
tions: 6, 8, and 10 ppm. From figure; it is obvious that
MB-removal increases steadily and then started to
slow down considerably around the minute 80. Fig. 2
shows the plots of DB-model for MB-adsorption onto
MFTAT for mentioned concentrations by selecting
n=0.7 according to fitting performed using regression
program, Microsoft Excel™. From figure, the model
does not give a linear relation over the whole time
period of experiment (from 0 to 120 min). Multi-linear-
ity concept was applied in the same manner as fre-
quently Morris-Webber model was applied [17]. The
model was applied considering two stages; the first
from 0 to 80min and the second from 80 to 120 min.
Linearity is satisfactorily accepted according to R*-val-
ues of linear fitting (R*>0.97, except for second stage
of 8ppm condition R*=0.8303, Table 3). Fig. 2 may
indicate that DB-model successfully draws or simu-
lates adsorption process on similarity basis with
Fig. 1. It can be suggested the success of DB-model to
represent the adsorption kinetics of MB onto MFTAT.
As mentioned before, PSO-model was selected for
comparison because of its wide use. Fig. 3 shows the
plots of PSO-model for the same data sets. From fig-
ure, it is clear that PSO-model produced accepted line-
arity according to R*-values of linear fitting (R*>0.96,
Table 3). However, as it is linear over the whole time



5348 A. Baraka | Desalination and Water Treatment 52 (2014) 5343-5356

A A A A
[m]

A
704 @@‘Sggogl
60 -

Second stage

50
X 40 é
x A ©
30 P

First stage 80 minutes

0 20 40 60 80 100 120
Time (min.)

Fig. 1. Removal percentage of MB, R%, by MFTAT with

respect to time for initial concentrations (&) 10, (O) 8, and
(A) 6 ppm.
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Fig. 2. DB-model plots of MB-adsorption onto MFTAT for
initial concentrations (<) 10, () 8, and (A) 6 ppm.

period of adsorption process, PSO-model does not
show capability to simulate adsorption stages accord-
ing to Fig. 1.

Referring to the present state of knowledge,
adsorption process passes through the following con-
secutive steps: (1) migration of solute from solution
bulk towards adsorbent outer surface (bulk diffusion),
(2) diffusion of solute across liquid-film surrounding
outer surface of the adsorbent (film diffusion), (3) dif-
fusion of solute through the liquid inside the pores
(intra-particle diffusion), and finally (4) binding of sol-
ute onto inner surface of the adsorbent along the
pores’ walls [1,10,13,15]. Yet, under shaking condi-
tions, steps (1) and (2) can be neglected [10]. In this
study, due to shaking, the intraparticle diffusion can
be suggested to be the sole diffusion mechanism
amongst the three diffusion mechanisms that can con-
tribute, with binding, in the adsorption process
[10,17]. Considering DB-model, for the three MB-ini-
tial concentrations, the adsorption rate was fast in the
first 80 min and then considerably slowed down. This
may be explained by suggesting that the first stage

Characteristics of MB-adsorption onto MFTAT according to DB-model and PSO-model

Table 3

PSO-model

EXP. DB-model

C; (ppm)

RZ

qprso REpso%

R2

REpp%

gpos (Total)

gps (First stage)

kDB

JEXP

gps (Second stage)

0.9896

34.28

1.234

0.9894
0.9787
0.9956
0.8303
0.9980
0.9772

7.94

0.846

0.827 (97.7%)

0.019

0.1479
0.0059
0.1917
0.0089
0.2363
0.0074

0.7

0.919

0.9817

36.86

1.567

4.98

1.088

1.072 (98.5%)

0.016

0.7

1.145

0.9641

46.09

1.981

147

1.336

1.321 (98.9%)

0.020

0.7

1.356

10
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Fig. 3. PSO-model plots of MB-adsorption onto MFTAT for
initial concentrations (<) 10, (O0) 8, and (A) 6 ppm.

involves: (1) solute binding onto active sites directly
available over the outer surface of the adsorbent and
(2) diffusion of solute into open-external pores accom-
panied by direct binding [22]. In the second stage,
where pores are suggested to become narrower, the
diffusion rate decreased and became the controlling
step of the adsorption process [22]. In short, the first
stage is binding controlled and the second stage is
intraparticle diffusion controlled due to lesser size of
pores. This estimation can not be determined from
plots of PSO-model.

Table 1 indicates that MFTAT has the highest sur-
face area (with dominant meso- and macro-pores)
amongst the three adsorbents, however its capacity is
considerably lower than that of EBT as will be shown
(referring to Tables 3 and 4 for comparison). This
again may support the suggestion that most of bind-
ings of MB occurs with active sites available on outer
surface (direct binding) and within external opened
pores (fast diffusion then binding) where first stage
shows removal amount (mgg ') >97%, Table 3. Fig. 4
shows SEM image of MFTAT which may suggest this
behavior. It is observed that surface is highly config-
ured with open pores.

For the tested initial concentrations, Table 3
summarizes: the experimental capacities (ggxp), the
DB-model rate constants (kpg), the selected-values of
the power (n) of DB-model, the estimated capacities
by DB-model (gqpp), and their error percentages
(REpp%), the estimated capacities by PSO-model
(gprso) and their error percentages (REpsp%), the coeffi-
cients of determination (R?) for both models.

From the table, the values of determination coeffi-
cient suggest that both models can well represent the
adsorption kinetics of this adsorption system. How-
ever, gpp values are closer to experimental values than
being gpso values. This can be derived by comparing
the calculated error percentages of both models;

Table 4

Characteristics of MB-adsorption onto EBT according to DB-model and PSO-model

PSO-model

EXP. DB-model

C; (ppm)

qrso REpso% 2

R2

REpp%

qDB (Total)

gos (First stage)

kDB

qJEXP

gos (Second stage)
gps (Third stage)

0.9998

2.982 3.90

0.9998
0.9123
0.8999
0.9987
0.8893
0.8056
0.9987
0.9877
0.9376

2.13

2.809

2.711 (96.5%)

0.093

0.5954
0.1015
0.0162
0.8463
0.1186
0.0694
0.9784
0.2907
0.0967

0.2

2.870

0.005

0.9999

4.32

3.960

0.61

3.819

3.580 (93.7%)

0.100

0.139
4.432 (90.1%)

0.25

3.796

0.9998

11.02

5.311

2.78

4917

0.4

4784

10

0.421

0.064

5349
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Fig. 4. SEM image of the outer surfaces of MFTAT [14],
(open pores are easily observed).

(REpg%) < (REpsp%). It is apparent that REpso% values
are significantly higher than REpg% values. For the
first stage of adsorption it is clear that values of kpg
increases with C; [11]. The power n=0.7 does not
change with initial concentration, C;. This indicates
that t" parameter does not obviously respond to the
change of C; for MB/MFTAT adsorption system. If
DB-model is accepted to reflect both of diffusion and
binding, this stable performance of DB-model for the
studied concentration range can suggest that degree
of contribution of each step in the adsorption process
does not change for this system. It is believed that
power n normalizes the rate of intraparticle diffusion
with binding [18]. In other words, changing time scale
from f to " cancels the effect of the difference between
diffusion rate and binding rate. This belief has to be
verified and more experimental work should be per-
formed for this objective. It is also clear from the table
that most MB-removal occurs in the first 80min,
where (gpp (First stage)/qpg (Total)) >97%, i.e. the first
80min is the effective duration of the adsorption pro-
cess. Prediction of the effective period of adsorption is
an advantage of DB-model. This prediction can not be
derived from PSO-model.

3.2. Adsorption of MB onto EBT

Fig. 5 shows the MB-removal percentage (R%) by
EBT against time for different MB-initial concentra-
tions: 6, 8, and 10 ppm. From figure; removal increases
regularly but steeply at the beginning (first 20 min). It
is difficult to suggest adsorption stages of distin-
guished rates. Fig. 6 shows the plots of DB-model for
MB adsorption onto EBT for mentioned concentrations
by selecting, respectively n=0.2, 0.25 and 0.4, 0.7
according to fitting performed using regression
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Fig. 5. Removal percentage of MB by EBT with respect to
time for initial concentrations (<) 10, (O0) 8, and (A) 6 ppm.
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Fig. 6. DB-model plots of MB-adsorption onto EBT for
initial concentrations (<) 10, (O) 8, and (A) 6 ppm.

program, Microsoft ExcelTM. For each initial concen-
tration, the model was applied considering three
stages. These stages were clearly observed when
applying DB-model by the regression program. From
figure, linearity is satisfactorily accepted (R*>0.88,
except for C;=8ppm (second stage), Table 4). This
suggests the success of DB-model to represent the
adsorption kinetics of MB onto EBT. Fig. 7 shows the
corresponding plots given by PSO-model. From figure,
PSO-model  produced an  excellent linearity
(R*>0.9990, Table 4).

Considering DB-model, for the three MB-initial
concentrations, the adsorption rate was fast in the first
22 min (first stage) and then noticeably slowed down
for the next 21 min (second stage) and again slowed
down for the last 22min (third stage). This may be
explained in the same manner as for MB/MFTAT
adsorption system. Moreover, the second and third
stages can represent two different intra-particle rates
due to progressive decrease in pore size [17]. In
summary, the first stage is controlled by binding, the
second stage is controlled by intra-particle diffusion,
and the third is controlled by slower intraparticle
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Fig. 7. PSO-model plots of MB-adsorption onto EBT for
initial concentrations (<) 10, () 8, and (A) 6 ppm.

Fig. 8. SEM image of the outer surfaces of EBT.

diffusion. Again, this estimation can not be deter-
mined from plots of PSO-model, Fig. 7. Fig. 8 shows
SEM image of EBT. The surface is highly configured
with open routes that allow migration of MB mole-
cules though the EBT grains. This may also explain
the high capacity of EBT (refer to Table 4). The inner
pores of EBT grains are suggested to decrease in size
and consequently the adsorption shows regular
decrease in rate.

For MB/EBT adsorption system, it can be sug-
gested that plots of DB-model managed to clarify the
details of adsorption process which is not clear from
removal percentage, Fig. 5. According to Fig. 7, PSO-
model cannot estimate stages of adsorption for MB/
EBT adsorption system.

Table 4 gives the same summary as Table 1, but
for adsorption of MB onto EBT. From the table, the
values of determination coefficient suggest that PSO-
model well represent the adsorption kinetics of this
adsorption system. DB-model can be suggested to
adequately represent the adsorption kinetics of this
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adsorption system. However, The capacity values
estimated by DB-model are more accurate than those
given by PSO-model according to calculated error
percentages; (REpg%) < (REpso%).

From the table, the power 1 increases with initial
concentration, C;. This means that the power n is
dependent on the initial concentration which is a dif-
ferent behavior compared to the case of MB/MFTAT
adsorption system. This change in performance of DB-
model from adsorption system to another reflects the
flexibility of the model to reflect the nature of adsorp-
tion system under study. In addition, model’s
response to change of applied condition for certain
adsorption system, C;, is another important character.
It can be suggested for this particular case, adsorption
of MB onto EBT, that change of initial concentration
causes a change in degree of contribution of binding
and intraparticle diffusion in the adsorption process.
For the time being, no further explanation can be
given and more experimental work is needed to
explore what occurs in details. From the table, it is
clear that most MB-removal occurs in the first 20 min
where (qpp (First stage)/qpg (Total)) >90%, i.e. the first
20min is the effective duration of the adsorption
process.

3.3. Adsorption of MB onto DPH

Fig. 9 shows the MB-removal percentage (R%) by
DPH against time for different MB-initial concentra-
tions: 6, 8, and 10 ppm. From figure; removal increases
regularly and smoothly with time and the minute 60
is suggested to represent the start of slowing down
adsorption stage. Fig. 10 shows the plots of DB-model
for MB adsorption onto DPH for mentioned
concentrations by selecting 1 =0.22 according to fitting
performed using the regression program. For each
initial concentration, the model was applied consider-

70 4
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Fig. 9. Removal percentage of MB by DPH with respect to
time for initial concentrations (<) 10, ((0) 8, and (A) 6 ppm.
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Fig. 10. DB-model plots of MB-adsorption onto DPH for
initial concentrations (<) 10, (O) 8, and (A) 6 ppm.

ing two stages. From figure, linearity is satisfactorily
accepted (R*>0.9, Table 5). This suggests the success
of DB-model to represent the adsorption kinetics of
MB onto DPH. Fig. 10 may indicate that DB-model
successfully draws or simulates adsorption process on
similarity basis with Fig. 9. Fig. 11 shows the corre-
sponding plots given by PSO-model. From figure,
PSO-model produced an excellent linearity (R*>0.999,
Table 5). Nevertheless, PSO-model does not show
capability to simulate adsorption stages due to its line-
arity over the whole time period of adsorption pro-
cess.

According to DB-model, for the three MB-initial
concentrations, the adsorption rate was higher during
the first 60min than during the next 40min. This is
similar to MB/MFTAT adsorption system. Although
DPH has a notable small surface area, adsorption
capacities are almost similar to those of MB/MFTAT
adsorption system (referring to Tables 3 and 5). This
may be due to the openings (width~20um) that are
available on surface as shown by SEM image of DPH,
Fig. 12.

Table 5 gives the same summary as Table 1 but for
adsorption of MB onto DPH. From the table, the val-
ues of determination coefficient suggest that both
models well represent the adsorption kinetics of this
adsorption system. The capacity values estimated by
DB-model are less accurate than those given by PSO-
model according to calculated error percentages;
(REpp%) > (REpsp%). However, it is not that signifi-
cantly high when opposite case of MB/MFTAT is
regarded.

From the table, the power 1n=0.22 does not change
with initial concentration, C;. This is a similar behav-
ior of MB/MFTAT adsorption system. This indicates
that " parameter does not respond to the change of C;
for MB/DPH adsorption system. This stable perfor-
mance of DB-model for the studied concentration

Characteristics of MB-adsorption onto DPH according to DB-model and PSO-model

Table 5

PSO-model

EXP. DB-model

C;i (ppm)

qrso REpso% 2

RZ

REpp%

gps (Total)

gps (First stage)

kDB

JEXP

gpos (Second stage)

0.9997

0.893 7.20

0.9985
0.9471
0.9980
0.9719
0.9991
0.9453

10.08

0.749

0.737 (98.4%)

0.012

0.3294
0.0460
0.4129
0.1667
0.5008
0.1662

0.22

0.833

0.9994

7.33

1.157

10.20

0.968

0.924 (95.5%)

0.044

0.22

1.078

0.9997

7.50

1.404

10.87

1.164

1.120 (96.2%)

0.044

0.22

1.306

10
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Fig. 11. PSO-model plots of MB-adsorption onto DPH for
initial concentrations (<) 10, () 8, and (A) 6 ppm.
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Fig. 12. SEM image of the outer surfaces of DPH.

range can suggest that degree of contribution of
diffusion and binding in the adsorption process does
not change for this system. It is also clear that most
MB-removal occurs in the first 60 min, where (gpp
(First stage)/qpp (Total)) >92%, i.e. the first 60 min is
the effective duration of the adsorption process. This
is similar to the previous two adsorption systems.

3.4. Roles of DB-model parameters according to studied
adsorption systems

DB-model is empirical model based on suggested
parameters: solute concentration, the varying-
resistance against adsorption, and time powered to a
variable. It differs from other common kinetic models
from three aspects:

3.4.1. Powered—time, t"

Only two known kinetic models relate adsorption
to powered time scale, Webber—-Morris equation and
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power function equation [16,23]. These two models
are simple and they relate the variable g, directly to #"
(n=0.5 for Webber-Morris equation). As a routine
practice, contribution of diffusion mechanisms in an
adsorption process is usually discussed by applying
Webber-Morris equation on experimental data points
[17]. DB-model may be the first kinetic model to relate
C; expression, ((CiC./C)) In C;—Cy), to t". The power
n, in this model, can be thought as a normalizing fac-
tor for two different rates: intraparticle diffusion rate
and binding rate. In simple words, by normalization,
the two rates are thought to be having almost the
same time scale according to the definition: “in the
simple cases, normalization means adjusting values
measured on different scales to a common scale” [18].

If the two rates are of the same speed then there is
no scaling, n=1, and the function should be related to
t. But, by applying DB-model on three different
adsorption systems, it was found that n<1 and DB-
model equation is related to t". This can suggest that
intraparticle diffusion and binding have different rates
(i.e. speeds). Now, if binding event can be supposed
to be instantaneous once the solute molecule arrives
to active site, then diffusion rate is said to be slower
than that of binding. Consequently: (1) for MD/
MFTAT adsorption system, n=0.7 (nearest value to 1)
means that the two rates are comparable with some
predominance (more controlling) of diffusion, (2) for
MD/EBT adsorption system, n=0.2-0.4 means that
the two rates are not comparable with notable pre-
dominance of diffusion, and (3) for MD/DPH adsorp-
tion system, n=0.22 means again that the two rates
are not comparable with notable predominance of
diffusion. In summary, value of n reflects the role of
diffusion with respect to binding; if n is close to 1,
then diffusion is fast and of same order of binding
and adsorption rate is mainly due to binding and if n
is significantly lower than 1 then diffusion is slow and
plays important role in the overall rate. Indeed, this
explanation needs more evidences and future works
are planned to investigate this concept especially by
considering shaking speed [24] as a factor and by con-
sidering adsorbent porosity as experimental condition.

3.4.2. The conditioned balancing factor (CiC./Cy),
constant

DB-model constitutes conditioned balancing factor
(CBF) constant as inherent value that distinguishes an
adsorption system from another. When examining dif-
ferent adsorption systems which involve same initial
concentration (Cy), it is almost impossible to determine
same final (Cy) and equilibrium (C.) concentrations.
Similarly, examining certain adsorption system which
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involve different initial concentrations (C;), it is also
almost impossible to determine same final (Cy) and
equilibrium (C.) concentrations. In this work, three
different adsorption systems were examined with the
same set of initial concentrations. For the three
adsorption system, CBF constant is different for the
three initial concentrations as given in Table 6. This
means that CBF constant value reflects the behavior of
an adsorption process.

The importance of CBF constant can be observed
from the relations: ((C(C.)/C;) vs. C; and kpg vs.
((C¢C)/Cy). From Table 6, as C; increases, ((C;C.)/Cy)
linearly increases. This can be explained by the phe-
nomenal fact that: though the removed amount, gpg,
increases with C;, the removal percent of solute, R%,
decreases with C;, [22,25]. This means that higher val-
ues of remaining concentrations C¢ and C, are recorded
as C; increases. The increase of C; and C, relatively
overweighs the increase of C; and the resultant is that
((C«C.)/Cy) increase with C;. This behavior indicates
that ((C(C,)/C;) reflects the influence of initial concen-
tration on adsorption system, i.e. it represents the
extent to which the adsorption system reaches final
concentration states C; (final state for kinetic experi-
ment) and C,. (final equilibration state). From Table 6
and in addition, it is observed that kpg increases with
the increase of ((C(C.)/C;) and the relation was found
to be linear as well. Increase of kpg with ((CiC.)/C;)
increase can be explained by noting that final states C¢
(final state for kinetic experiment) and C. (final equili-
bration state) increase with C; which make it relatively
faster to reach equilibrium.

Change of the rate constant of PSO-model, kpso,
with C; was presented and it was a decrease relation
in most cases. This relation has been verified experi-
mentally and theoretically [8,11,26]. For DB-model,
kpp linearly increases with the increase of C; (Table 6).
This behavior drives the importance of initial concen-
tration as a driving force for adsorption processes
which has been mentioned in several works [24,27-
33]. The previous discussion about CBF may now
elucidate the meaning of driving force of initial con-
centration for adsorption processes. In general, it can
be suggested that CBF constant is considered condi-
tioned balancing factor for certain adsorption system
tested with specific initial concentration at specific
conditions (such as solution-temperature, solution-pH,
and shaking speed).

3.4.3. Dependency of DB-model on solute concentration

For PSO-model, it is widely accepted that a sort of
surface interaction between solute and active sites is

Table 6

Relation of kpg, ((C(C.)/C;) with C;*

0.22)

MB/DPH (same n-value

MB/EBT (different n-value)

0.7)

MB/MFTAT (same n-value

Adsorption system

10

10

10

1

C.

0.009 0.420 0.596 0.782

0.008
0.8463

0.005

0.207
0.2363

0.162
0.1917
0.027 C; —0.06;

0.9908

0.099
0.1479

(CCe) /G

kDB

0.4129 0.5008
0.0905 C; —0.1247;

0.3294

0.9784

0.5954

((CC)/C)

(CC/C)

(CeCo)/C; vs.C;

0.9997

R2
kpp =0.4735 ((C¢C,.)/Cy) +0.1306;

R2
kpp =0.8106 ((C¢C,.)/Cy) + 0.0655;

R%*=1
kpg =0.0429 C; +0.0716; R>

0.9898
0.0221 C;+0.0152; R?

R*=
kDB

kpg vs. (CiCo)/C;

0.9998

=1

kDB VS. Ci

*Only first effective stage is considered for this table.
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the main event of adsorption process [7,10]. Lately,
the behavior of PSO-model is shown to be dependent
on initial concentration (which was theoretically veri-
fied, [8,11]) and this dependency presents itself
through change of kpso with C; (kpso decreases in
most cases with Cj, [25,34-37]). For chemical reactions,
it is a fact that rate constant is dependent only on
temperature and change of initial concentration never
has an effect on rate constant [15]. Accordingly,
dependency of kpsop on C; has been recognized as:
“the PSO equation is able to represent the kinetics of
sorption in systems for which not only the rate of sur-
face reaction governed the overall process rate”; W.
Plazinski et al. [10] and “the main disadvantage of
both PFO and PSO models is dependency of their rate
constant to the initial concentration solute so they
really pseudo-constants” Azizizn et al. [26]. These
conclusions indicate that rate constant is changing
with initial concentration due to the engagement of
another mechanism(s) with surface reaction binding
during the adsorption processes. Besides, it is
accepted as a trend that higher value of gpso requires
a longer time for the adsorption system to attain
equilibration and this occurs with lower kpso value
[10]. Higher value of g¢ is achieved with higher value
of C;. Consequently, it is almost a fact that kpso
decreases with C; increase [10].

When considering DB-model, some analogies are
observed: (1) the model gives higher value of gpg with
higher value of C; and (2) kpg changes (linearly
increases) with C; increase. kpp increases with C;
meanwhile kpso decreases. This can be explained by
observing that DB-model considers change of C;
(decreases) while PSO-model considers change of g;
(increases) with time and this is due to known rela-
tion: g;=(C;—Cy) x (V/m). This behavior can suggest
same explanations that have been given for PSO-
model, i.e. DB-model reflects more than one event that
involve in adsorption process which have been pre-
sented through out this work. In addition, it can be
suggested that kpp is not intrinsic rate constant; how-
ever, it is also a pseudo rate constant [26].

4. Conclusions

A novel kinetic model (DB-model) is introduced to
describe batch adsorption systems. The model was
empirically developed considering that both diffusion
and binding are controlling the adsorption process
and degree of contribution of each depends on
adsorption system and experimental conditions. The
linear form of the model was applied on three differ-
ent adsorption systems. The model was assessed with
respect to solute initial concentration only as variable
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experimental condition. The linear form of the model
managed to represent the three adsorption systems
with accepted determination coefficient values. For all
cases, the estimated capacities by DB-model are in
general more representative of experimental capacities
than those given by PSO-model. DB-model is success-
ful to reflect the different stages of adsorption (MB/
MFTAT and MB/DPH adsorption systems) or to dis-
cover it (MB/EBT adsorption system). For the first
stages of studied adsorption systems, kpg increases
with initial concentration, C;. This may indicate that
adsorption process involves simultaneously diffusion
and binding and it is suggested that they are working
with relative degrees. The power  is sensitive param-
eter to adsorption system and initial concentration
and can be regarded as diffusion representative. This
behavior is thought to be related to porosity-nature of
the adsorbent. It is suggested that ' normalizes diffu-
sion and binding rates during the first stages of
adsorption and this is the reason of observed linearity.
The model is sensitive to equilibrium stage that helps
in determining the economically effective period of
adsorption. It is important to mention that this model
has to be examined with several adsorption systems
for more understanding, verification, and validation of
its performance. Experimental conditions such as
shaking speed, solution-pH, and temperature should
also be studied to assess its outputs with respect to
other known kinetic models.
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