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The Elovich equation has been widely used in adsorption kinetics, which describes chemical adsorption
(chemical reaction) mechanism in nature. The approaching equilibrium parameter of Elovich equation
(RE) was used here to describe the characteristic curves of adsorption kinetics. Of 64 adsorption systems
surveyed in this work, 80% of the RE values were between 0.1 and 0.3 with an adsorption curve belonging to
“mild rising”. The results of three examples revealed that the characteristic curve of Elovich equation was
between those of Lagergren’s first-order equation and intraparticle diffusion model. Chitosans prepared
dsorption
hitosan
inetic models
lovich equation

from prawn, lobster, and crab shells were used for the adsorption of a reactive dye. The mean deviation
obtained from the three kinetic models revealed that Elovich equation was the most suitable one. All the
adsorption systems were in the “mild rising” zone. The RE value was related to the type of raw material but
not to the particle size of chitosan, which agreed with chemical adsorption nature of the Elovich equation.
According to an optimal adsorbent consumption of 85% coupled with its corresponding operating time

o par
(t0.85) proposed, these tw

. Introduction

The Elovich equation, originally presented in 1939, is satisfied
n chemical adsorption processes and is suitable for systems with
eterogeneous adsorbing surfaces [1]. In the past, this equation
as been applied in the adsorption of Co2+, Ni2+, Cu2+, and Zn2+

n XAD-2 resin containing di(2-ethylhexyl)phosphoric acid [2], of
yes and humic acid on chitosan-encapsulated activated carbon [3],
nd of dyes and phenols on activated carbon [4]. Many adsorp-
ion systems with metals (Pb2+, Cr3+, Cr6+, Cd2+, Cu2+, Se4+, As5+,
+, Pb2+, etc.) have been described by Elovich equation [5–13]. The
inetic behavior of many adsorption systems with a mildly rising
endency has also suitably been described by Elovich equation (no
hown).

Chitosan is a biopolymer with free amine groups that suitable for
he adsorption of metals and reactive dyes. The adsorption process
nvolving chitosan is chemical in nature and its kinetic behavior is
ildly rising [14–16]; however, the Elovich equation has scarcely
een used to analyze its adsorption kinetics. In this work, the char-
cteristic curves of adsorption kinetics by Elovich equation were
tudied by means of its approaching equilibrium parameter (RE).

∗ Corresponding author. Tel.: +886 37 381775; fax: +886 37 333187.
E-mail address: trl@nuu.edu.tw (R.-L. Tseng).

385-8947/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.cej.2009.01.014
ameters could be used for engineering design.
© 2009 Published by Elsevier B.V.

Several adsorption systems selected from literature were analyzed
by Elovich equation to determine the distribution of RE values. Chi-
tosans prepared from three kinds of raw materials (prawn shell,
lobster shell, and crab shell) as well as the lobster-shell chitosans
with three different particle sizes were used to investigate the
kinetics of the adsorption of dye (reactive red 222, RR222). Three
kinetic models (Elovich equation, Lagergren’s first-order equation,
and intraparticle diffusion model) were tried to analyze the kinetic
data. The effects of material source and particle size of chitosan
adsorbents on RE value were finally examined.

2. Kinetic models

2.1. Characteristic curve and approaching equilibrium of the
Elovich equation

In reactions involving chemical adsorption of gases on a solid
surface without desorption of the products, the rate decreases with
time due to an increase in surface coverage [1]. One of the most

useful models for describing such activated chemical adsorption is
the Elovich equation [2], which is given by

(
dqt

dt

)
= a exp(−bqt) (1)

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:trl@nuu.edu.tw
dx.doi.org/10.1016/j.cej.2009.01.014
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Nomenclature

a initial adsorption rate defined in Eq. (1) (mg/(g min))
AC activated carbon
BDTDA benzyldimethyl tetradecyl ammonium chloride
b Elovich constant defined in Eq. (1) (g/mg)
CV crystal violet
C constant defined in Eq. (8) (mg/g)
CP chlorophenol
DCP dichlorophenol
FTAW formaldehyde treated acorn waste
HDTMA hexadecyl trimethyl ammonium bromide
ID intraparticle diffusion
k1 Lagergren’s first-order rate constant defined in Eq.

(11) (min−1)
kp ID rate constant defined in Eq. (8) (mg/(g min1/2))
LAS linear alkyl sulfonate
MB methylene blue
MG methylene green
MOCS manganese oxide coated sand
NP nitrophenol
qe amount of adsorption at equilibrium (mg/g)
qref amount of adsorption at time t = tref (mg/g)
qt amount of adsorption at time t = t (mg/g)
r2 coefficient of correlation
RE approaching equilibrium parameter based on

Elovich equation
Ri starting adsorption factor based on ID model
SD standard deviation defined in Eq. (16) (%)
t adsorption time (min)
tref the longest operating time in adsorption process
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qt

qref
= 1 − Ri 1 − t

tref

1/2
(10)

where Ri = (kpt1/2
ref /qref) is the starting adsorption factor of ID model

(dimensionless).

Table 1
Classification of characteristic curves based on the approaching equilibrium param-
eter (RE) derived from the Elovich equation.
(min)
x fractional approach to qref

here a and b are constants during any an experiment. The constant
is regarded as the initial rate because (dqt/dt) approaches a when

t approaches 0.
Given that qt = qt at t = t and qt = 0 at t = 0, the integrated form of

q. (1) is

t =
(

1
b

)
ln(t + t0) −

(
1
b

)
ln t0 (2)

here t0 = 1/ab. If t � t0, Eq. (2) can be simplified as

t =
(

1
b

)
ln(ab) +

(
1
b

)
ln t (3)

he assumption of t � t0 and validity of Eq. (3) is checked by the
inear plot of qt vs. ln t.

For an adsorption system, let tref be the longest time in adsorp-
ion process and qref the solid phase concentration at time t = tref.
hus, Eq. (3) is rewritten as

ref =
(

1
b

)
ln(ab) +

(
1
b

)
ln tref (4)

ubtracting Eq. (4) from Eq. (3), we have:

t − qref =
(

1
b

)
ln

(
t

tref

)
(5)

ividing both sides of Eq. (5) by qref yields:
qt

qref

)
=

(
1

qrefb

)
ln

(
t

tref

)
+ 1 (6)

q. (6) is called dimensionless Elovich equation. Define RE = 1/(qrefb)
s approaching equilibrium factor of the Elovich equation; thus Eq.
Fig. 1. Characteristic curves based on dimensionless Elovich equation (RE is the
approaching equilibrium parameter of Elovich equation).

(6) is rewritten as(
qt

qref

)
= RE ln

(
t

tref

)
+ 1 (7)

A family of adsorption characteristics are obtained by plotting
(qt/qref) vs. (t/tref) of Eq. (7) with RE = 0.02–0.3 and are shown in
Fig. 1. The curves vary with RE value, appearing either flat or steep.
According to the curvature of the curves, which depends on RE
values, four zones are classified: when RE > 0.3 (zone I), the curve
rises slowly; when RE between 0.1 and 0.3 (zone II), the curve
rises mildly; when RE is between 0.02 and 0.1 (zone III), the curve
rises rapidly; when the RE < 0.02 (zone IV), the curve instantly
approaches equilibrium. These zones and the corresponding curves
are given in Table 1.

2.2. Comparisons of characteristic curves

Besides Elovich equation, intraparticle diffusion (ID) model and
the Lagergren’s first-order equation were also frequently used to
describe adsorption kinetics. An attempt was made to compare
them in this work. Simply input, ID model has the form:

qt = kpt1/2 + C (8)

At t = tref, qt = qref, Eq. (8) is rewritten as

qref = kpt1/2
ref + C (9)

Subtracting Eq. (9) from Eq. (8), we obtain:( ) [ ( ) ]
RE Curve Zone

RE > 0.3 Slow rising I
0.3 > RE > 0.1 Mild rising II
0.1 > RE > 0.02 Rapid rising III
RE < 0.02 Instant approaching equilibrium IV



368 F.-C. Wu et al. / Chemical Engineerin

Fig. 2. Characteristic curves based on dimensionless Elovich equation, intraparticle
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As shown in Table 2, the degree of deacetylation of chitosan pre-
pared from prawn shells is the highest (80.9%), and that from lobster
shells is the lowest (76.3%). The molar mass of the three chitosans
prepared is comparable, between 7.44 × 105 and 7.93 × 105 g/mol.

Table 2
Degree of deacetylation and molecular weight of various chitosans.

Adsorbent Raw material Degree of Chitin
a

Chitosan
a

Molar mass
iffusion model, and Lagergren’s first-order equation (RE is the approaching equi-
ibrium parameter of Elovich equation, Ri is the starting adsorption parameter of
ntraparticle diffusion model, and k1tref is the approaching equilibrium parameter
f Lagergren’s first-order equation).

On the other hand, the Lagergren’s first-order equation is
xpressed as

n(qe − qt) = ln qe − k1t (11)

sually, k1 is obtained by plotting ln (qe − qt) vs. t. For expressing
dsorption characteristics of this equation, Eq. (11) is rewritten as

n
[

1 −
(

qt

qe

)]
= −k1t (12)

hen both sides of Eq. (12) are divided by tref, the longest adsorp-
ion time in the system, we get:

qt

qe

)
= 1 − exp

[
(−k1tref)

(
t

tref

)]
(13)

or an adsorption system, let qt be qref at time t = tref; thus:

qref

qe

)
= 1 − exp(−k1tref) (14)

ividing Eq. (13) by Eq. (14) yields:

qt

qref

)
= 1 − exp[(−k1tref)(t/tref)]

[1 − exp(−k1tref)]
(15)

qs. (10) and (15) are the dimensionless characteristic kinetic equa-
ions based on ID model and the Lagergren’s first-order equation,
espectively. If (qt/qref) vs. (t/tref) is plotted with Ri or k1tref as a
arameter, both families of characteristic curves can be obtained.

When the above three kinetic model are used to describe the
ata set adsorption system, three kind of curves appear close to
he data set. Fig. 2 shows the characteristic curves based on the
lovich equation (Eq. (7)) with RE = 0.1 and 0.2, based on ID model
Eq. (10)) with Ri = 0.1 and 0.5, and based on Lagergren’s first-order
quation (Eq. (15)) with k1tref = 3.5 and 7.5. The curves obtained
n each model appear similar tendency. The curves of Lagergren’s

rst-order equation have a high adsorption over a longer time and
at-rising with a shorter duration, whereas those of ID model have
high adsorption for a shorter period of time and flat-rising with a

onger duration. The curves of Elovich equation are between those
f the above two models. In most of the literature, adsorption based
g Journal 150 (2009) 366–373

on Elovich equation rise rapidly with a shorter time rises slightly
with a longer time (no shown).

3. Materials and methods

3.1. Preparation of chitosan from fishery waste

In this work, chitosan was prepared from three fishery wastes
(prawn, lobster, and crab shells). The shells were first immersed in
5 wt.% NaOH for 18 h to remove proteins (solid shells/solution = 10%,
w/v) and in 10 wt.% HCl for 18 h to remove all mineral materials
(mainly, CaCO3). The resulting insoluble solid is chitin, which (40 g)
was then deacetylated in 50 wt.% NaOH (800 g) at 90 ◦C for 3 h. The
final chitosan particles were filtered and washed several times with
deionized water. They were dried at 50 ◦C in a vacuum for 12 h and
then sieved with a 16–30 mesh. In this work, chitosans prepared
from prawn, lobster, and crab shells, and were called chitosan 1, chi-
tosan 2, and chitosan 3, respectively. Moreover, chitosan prepared
from lobster shells was crashed and sieved within 20–30, 30–40,
and 40–50 mesh, which were called DP1, DP2, and DP3, respectively.

The degree of deacetylation of chitosan was measured according
to the method used by Guibal et al. [17]. The molar mass of chitosan
was determined using the Mark–Houwink equation for viscosity
measurements at different concentrations.

3.2. Procedures for adsorption experiments

The commercial reactive dye Sumifix Super Scarlet 2GF (reactive
red 222, RR222) from Summitomo Chemical Co., Japan was used
as received. It has vinyl sulfone/monochlorotriazine bifunctional
groups. The solutions were prepared by dissolving dye in deionzed
water without pH adjustment, in which the initial pH value was
near 5.32.

The batch contact was conducted in a Pyrex glass vessel of
100 mm i.d. and 130 mm high, fitted with four glass baffles,
10 mm wide. For each run, an aqueous solution (0.8 dm3) agitated
by using a Cole–Parmer Servodyne agitator with six blade, flat-
bladed impeller (12 mm high, 40 mm wide). The stirring speed was
500 rpm because higher than that the agitation has little effect on
adsorption. An amount of dry chitosan (0.48 g) was then added
to the vessel and the timing was started. The whole vessel was
immersed in a water bath controlled at 30 ◦C (Haake Model K-F3). At
preset time intervals, aqueous samples (5 cm3) were taken and the
concentration was analyzed. The concentration of dye was deter-
mined with a Hitachi UV/visible spectrophotometer (U-2001) at
a wavelength of 502 nm. Each experiment was duplicated at least
under identical conditions.

4. Results and discussion

4.1. Physical properties of chitosans
deacetylation (%) (g) (g) (g/mol)

Chitosan 1 Prawn shell 80.9 21.0 14.6 7.93 × 105

Chitosan 2 Lobster shell 76.3 10.8 8.3 7.97 × 105

Chitosan 3 Crab shell 77.9 17.3 12.7 7.44 × 105

a Basis: 100 g of fishery wastes.
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Fig. 3. Regression analysis of the adsorption of RR222 on chitosans with different
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rst-order equation.

.2. Adsorption kinetics and validity of kinetic models

Fig. 3 shows the experimental data in the adsorption of RR222
n chitosans with three different particle sizes (that is, DP1, DP2,
nd DP3), together with the curves calculated from the three
inetic models. It is found that Elovich equation is superior to
ther two ones for the description of kinetic data. The fitness is
ustified based on the fact that the coefficients of correlation (r2)
re within 0.995–0.998, 0.982–0.996, and 0.925–0.935, respectively
Tables 3 and 4). Moreover, the standard deviation (S.D.) is provided
n these two tables to infer the validity of kinetic models, defined
s

.D.(%) = 100 ×
{∑

N(1 − (qt,cal/qt,exp))2

N

}1/2

(16)

able 3
arameters and correlation coefficients obtained from the analysis of adsorption kinetics

dsorbent a (mg/(g min)) b (g/mg) t0 (min)

P1 12.32 0.0467 1.74
P2 16.43 0.0388 1.57
P3 25.38 0.0345 1.14
hitosan 1 54.96 0.0193 1.06
hitosan 2 14.95 0.0342 0.51
hitosan 3 9.384 0.0453 0.43

able 4
arameters and correlation coefficients obtained from the analysis of adsorption kinetics

dsorbent Lagergren’s first-order equation

qe (mg/g) k1 (min−1) r2 S.D

P1 126 0.00636 0.987 14.
P2 149 0.00785 0.996 11.
P3 182 0.00620 0.982 13.
hitosan 1 319 0.00819 0.979 12.
hitosan 2 158 0.00866 0.986 14.
hitosan 3 127 0.00645 0.981 16.

a Unit of ki: (mg/(g min1/2)).
g Journal 150 (2009) 366–373 369

where qt,exp and qt,cal are the experimental and calculated qt values,
respectively, and N is the number of data points.

Fig. 4 shows the regression results for the adsorption of RR222 on
three different types of chitosans by Elovich equation, Lagergren’s
first-order equation, and ID model, respectively. The coefficients of
correlation are within 0.981–0.998, 0.979–0.986 and 0.932–0.967,
and the S.D. values are within 1.4–7.2%, 11.6–16.3%, and 11.8–14.2%,
respectively. This also reveals that Elovich equation is the most suit-
able for this purpose than other two models, as have confirmed in
Fig. 5.

4.3. Classification of characteristic curves based on Elovich
equation

Table 5 lists the analysis results of 64 adsorption systems by
Elovich equation from literature, together with the longest adsorp-
tion time (tref), adsorption amount at time tref (qref), and the
approaching equilibrium factor (RE). Basically, the coefficient of cor-
relation (r2) for linear fit of the kinetic data reported in Table 5 by
Elovich equation (Eq. (3)) is larger than 0.95. Evidently, there are no
systems in the region RE < 0.02 (zone IV, with an adsorption curve in
“instant approaching equilibrium”) and in the region RE > 0.3 (zone
I, with an adsorption curve in “slowly rising”). On the other hand,
there are 13 systems (No. 1–13, 20.3%) in the region 0.1 > RE > 0.02
(zone III, with an adsorption curve in “rapidly rising”) and 51 sys-
tems (No. 14–64, 79.7%) in the region 0.3 > RE > 0.1 (zone II, with an
adsorption curve in “mildly rising”).

Of the adsorption systems surveyed in Table 5, the lack of
zones I and IV actually agrees with the nature of chemical adsorp-
tion in Elovich equation. The main distribution of zone II makes
Elovich equation suitable for the majority of adsorption systems.
For example, the RE values of the adsorption of RR222 on chitosans
demonstrate that they all fall in zone II with “mildly rising” adsorp-
tion curves.

4.4. Application of Elovich equation in adsorption kinetics

As indicated above, the Elovich equation is suitable to describe
E
ticle sizes close each other. The plot of (qt/qref) vs. (t/tref) (Fig. 6a)
shows that the curves of chitosans with three particle sizes are
almost the same. On the other hand, the adsorption of RR222 on

by Elovich equation.

qref (mg/g) RE r2 S.D. (%)

119 0.180 0.996 3.5
147 0.175 0.995 4.2
174 0.167 0.998 2.0
299 0.173 0.998 1.4
147 0.199 0.997 3.5
107 0.206 0.981 7.2

by the Lagergren’s first-order equation and intraparticle diffusion model.

Intraparticle diffusion model

. (%) qi (mg/g) ki
a r2 S.D. (%)

4 30.6 4.74 0.935 14.2
6 39.6 5.71 0.931 13.3
1 54.1 6.38 0.925 12.6
5 93.9 13.2 0.932 11.8
4 31.0 7.50 0.945 14.0
3 18.3 5.76 0.967 14.2
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Fig. 4. Regression analysis of the adsorption of RR222 on chitosans prepared from
t
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tref

)
= exp

[
(x − 1)

RE

]
(18)
hree raw materials by (a) Elovich equation, (b) Lagergren’s first-order equation, and
c) intraparticle diffusion model.

hitosans from different raw materials, as shown in Fig. 6b, shows
hat the adsorption on lobster- and crab-shell chitosans are sim-
lar, which are slower than that on prawn-shell chitosan. This is
ikely because of some differences in the chemical properties of
hitosans from different origins (e.g., the degree of deacetylation of
rawn-shell chitosan is the highest).
For the adsorption systems described suitably by the Elovich
quation, it is important to determine an efficient operating time
f adsorption in engineering practice. Let (qt/qref) = x at t = tx. Then,
Fig. 5. Predictions of the Elovich equation in the adsorption of RR222 on chitosans
prepared from different raw materials.

Eq. (7) becomes:

x = RE ln
(

tx

tref

)
+ 1 (17)
Fig. 6. Dimensionless characteristic curves of the adsorption of RR222 on (a) chi-
tosans with three particle sizes and (b) chitosans from three raw materials.
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Table 5
Survey of kinetic results of previous adsorption systems analyzed by the Elovich equation.

No. Adsorbate Adsorbent a (mg/(g min)) b (g/mg) tref (min) qref (mg/g) RE Ref.

1 3-CP Pinewood AC 4.4E18 0.2083 210 224 0.021 [4]
2 Phenol HDTMA-zeolite 4.04E11 16.3 1440 2.257 0.027 [18]
3 Phenol Pinewood AC 3.28E9 0.1754 210 145 0.039 [4]
4 Se(IV) Tropical soil 2.01E7 0.1906 1440 118 0.044 [12]
5 AB264 Pinewood AC 3.60E8 0.0307 210 721 0.045 [4]
6 Phenol BDTDA-zeolite 9.94E4 8.27 1440 2.53 0.048 [18]
7 Phosphate Iron oxide tailings 2.5E4 2.44 1440 7.50 0.055 [19]
8 Se(IV) Tropical soil 2.72E4 0.0566 1440 258 0.068 [12]
9 BB69 Pinewood AC 1.18E5 0.0278 210 484 0.074 [4]

10 As(V) Tropical soil 4.30E3 0.0366 1440 337 0.081 [12]
11 Cr(IV) Composite 3.23E4 0.0133 420 910 0.083 [7]
12 o-Cresol Pinewood AC 7.90E3 0.0725 210 161 0.085 [4]
13 Phenol AC (FWKC1060) 2.82E4 0.0591 30 183 0.092 [20]
14 NH4

+ Clinoptilolite (N) 4.70E3 1.44 120 6.43 0.108 [13]
15 K+ Clinoptilolite (N) 1.13E4 0.432 120 21.3 0.109 [13]
16 MB Pinewood AC 1.76E3 0.0231 210 392 0.110 [4]
17 Phenol AC (CobNa50) 5.95E3 0.0361 30 243 0.114 [21]
18 4-CP AC (CPKC3) 6.90E3 0.0260 30 328 0.117 [22]
19 Pb(II) MOCS 2.92 4.97 180 1.59 0.127 [11]
20 Cu(II) MOCS 0.543 24.9 180 0.314 0.128 [11]
21 p-Cresol AC (CPKC3) 2.22E3 0.0313 30 244 0.131 [22]
22 2,4-DCP AC (CobNa50) 7.62E3 0.0087 30 873 0.132 [21]
23 As(III) Tropical soil 478 0.0516 1440 147 0.132 [12]
24 Cr(II) Cation exchanger 19.7 0.26 360 28.9 0.133 [10]
25 MG Aprict AC 352 0.083 60 90.0 0.134 [23]
26 Cr(VI) Waste acorn 40.9 0.240 180 31.2 0.134 [9]
27 4-CP AC (FWKC1060) 2.25E3 0.0212 30 343 0.137 [20]
28 4-NP AC (CPKC3) 2.28E3 0.0215 30 339 0.137 [22]
29 MB Aprict AC 218 0.088 60 80.1 0.142 [23]
30 SiO2 Fe/Cr hydroxide 18.4 1.050 50 6.55 0.145 [24]
31 LAS Chitosan bead 38.7 0.089 270 76.8 0.146 [25]
32 Cd(II) Orange waste 17.3 0.230 180 28.5 0.152 [8]
33 Cr(II) HT500 14.3 0.172 240 37.1 0.157 [6]
34 Tannic acid Chitosan bead 150 0.012 270 516 0.161 [25]
35 p-Cresol AC (FWKC1060) 618 0.0248 30 248 0.163 [20]
36 Pb(II) FTAW 41.5 0.061 180 100 0.164 [5]
37 4-CP AC (CobNa50) 1.27E3 0.0107 30 554 0.166 [21]
38 4-CP AC (Cob4015) 935 0.0106 30 539 0.175 [26]
39 Humic acid Chitosan bead 13.9 0.032 270 175 0.179 [25]
40 AO51 Chitosan bead 7.2 0.119 270 45.7 0.184 [25]
41 AB74 AC (FWKC1060) 235 0.0302 30 179 0.186 [20]
42 BR46 Clay-sawdust 31.0 0.232 30 23.2 0.186 [27]
43 MB Chitosan bead 11.0 0.066 270 80.0 0.189 [25]
44 MB AC (Cob4015) 412 0.0156 30 338 0.189 [26]
45 Pb(II) Straw 21.2 0.050 180 104 0.192 [5]
46 MB AC (FWKC1060) 409 0.0139 30 370 0.195 [20]
47 Phenol AC (Cob4015) 179 0.0287 30 176 0.198 [26]
48 RR222 Chitosan bead 40.6 0.014 270 360 0.198 [25]
49 CV Aprict AC 26.6 0.095 60 52.9 0.199 [23]
50 MB AC (CPKC3) 338 0.0151 30 332 0.199 [22]
51 2,4-DCP AC (Cob4015) 553 0.0088 30 564 0.201 [26]
52 Phosphate Alunite 25.2 0.044 120 111 0.205 [28]
53 BB1 AC (CPKC3) 419 0.0085 30 549 0.214 [22]
54 AB74 AC (CPKC3) 96.1 0.0362 30 128 0.215 [22]
55 MB AC (CobNa50) 332 0.0103 30 449 0.216 [21]
56 AB74 AC (Cob4015) 121 0.0276 30 167 0.217 [26]
57 4-NP AC (FWKC1060) 137 0.0239 30 193 0.218 [20]
58 Cd(II) Bone char 89.6 0.102 600 44.2 0.221 [29]
59 BB1 AC (Cob4015) 169 0.0155 30 282 0.229 [26]
60 Pb(II) Clinoptilolite (P) 3.12 0.098 240 43.83 0.233 [30]
61 AB74 AC (CobNa50) 133 0.0179 30 238 0.245 [21]
6
6

W
t(
E
l
a

2 Naphthalene DAT zeolite 1.28
3 Pb(II) Clinoptilolite (N) 1.52

hen a specific x is considered (say, x = 0.85 at t = t0.85), we obtain
he following equation from Eq. (18):

t
) [

(x − 0.85)
]

x

t0.85
= exp

RE
(19)

q. (19) indicates the operating time tx at an adsorbent capacity
eft x. In engineering, a decrease in both adsorbent capacity left
nd operating time can reduce the total cost. However, both factors
0.122 360 33.0 0.248 [31]
0.100 240 35.96 0.278 [30]

are actually in contradiction according to Eq. (19). The relationship
between the two factors depends on the RE value of adsorption
system. A family of curves obtained from plotting (tx/t0.85) vs. RE

with x as a parameter are shown in Fig. 7. When x increases, adsor-
bent utilization increases (i.e., reducing adsorbent consumption);
but tx/t0.85 also increases (i.e., increasing operation time). The eval-
uation of the optimal x value must be based on the engineering
economics.
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ig. 7. Relationships between operating time (t/t0.85) and approaching equilibrium
arameter (RE) based on Elovich equation at different qt/qref values.

The evaluation of x value is outlined below. How long is t0.85
f an adsorption system? If t0.85 is small, the x value can be high.
or example, the RE value of the adsorption of RR222 on DP3 is
.167 in this study, and the t0.85 value is 187 min (Eq. (7)). When
he saving in adsorbent consumption is 5, 10, and 14%, then the
ncrease in operating time is 65, 153, and 245 min, respectively. This

eans that an increase of operation time by 88 min is needed for a
aving of adsorbent from 5 to 10%. On the other hand, an increase of
2 min is needed when a saving of adsorbent increases from 10 to
4%. Generally speaking, a high x value is preferred if the adsorbent
ost is high. Of course, the content of adsorption system and the
egeneration time of adsorbent should be also considered when x
alue is to be selected.

. Conclusions

The characteristic adsorption curves involving Elovich equa-
ion has been deducted. The dimensionless group (1/qrefb) was
efined as the approaching equilibrium parameter (RE). Four
ones were classified based on RE value. Of 64 adsorption sys-
ems searched from literature, 80% belong to the zone of “mild
dsorption” and 20% to the zone of “rapid adsorption”. The char-
cteristic curve based on Elovich equation was between those
f Lagergren’s first-order equation and intraparticle diffusion
odel.
The chitosans derived from three raw materials were used for

inetic studies on adsorption of reactive dye RR222. The results
f standard deviation (S.D.) indicated that the Elovich equation
as superior to the Lagergren’s first-order equation and intra-
article diffusion model for the description of adsorption kinetics.
he adsorption behavior was classified to zone II, the region of
mild adsorption”. The RE values obtained in the adsorption on chi-
osans with three different particle sizes were almost the same,

eflecting the nature of chemical adsorption of Elovich equa-
ion. The relationship between x value and the operating time
tx/t0.85) could be thus built according to an 85% of adsorbent con-
umption (x = 0.85) and corresponding operating time (t0.85). This
llowed us to easily select an optimal x value for engineering prac-
ice.
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