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bstract

Batch kinetic experiments were carried out for the sorption of methylene blue onto activated carbon. The experimental kinetics were fitted to
he pseudo first-order and pseudo second-order kinetics by linear and a non-linear method. The five different types of Ho pseudo second-order
xpression have been discussed. A comparison of linear least-squares method and a trial and error non-linear method of estimating the pseudo
econd-order rate kinetic parameters were examined. The sorption process was found to follow a both pseudo first-order kinetic and pseudo
econd-order kinetic model. Present investigation showed that it is inappropriate to use a type 1 and type pseudo second-order expressions as
roposed by Ho and Blanachard et al. respectively for predicting the kinetic rate constants and the initial sorption rate for the studied system. Three

orrect possible alternate linear expressions (type 2 to type 4) to better predict the initial sorption rate and kinetic rate constants for the studied
ystem (methylene blue/activated carbon) was proposed. Linear method was found to check only the hypothesis instead of verifying the kinetic
odel. Non-linear regression method was found to be the more appropriate method to determine the rate kinetic parameters.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Sorption processes are proved to be an effective method for
he treatment of dye wastewaters [1,2]. Activated carbon is the

ost commonly used adsorbent for the removal of dye ions from
ts aqueous solution [3]. The prediction of batch sorption kinet-
cs is necessary for design of industrial adsorption column [1].
hemical kinetics explain how fast the rate of chemical reaction
ccurs and also on the factors affecting the reaction rate. The
ature of sorption process will depend on physical or chemical
haracteristics of the adsorbent systems and also on the sys-
em conditions. The most commonly used kinetic expressions to
xplain the solid/liquid adsorption processes are the pseudo first-
rder kinetics and pseudo second-order kinetic model [1,2,4].
xternal mass transfer and intraparticle diffusion model were
lso used to predict the sorption kinetics [2,5,6]. Multiple first-

rder kinetics have been reported for protein/silica system [7].
reviously researchers [1,2] found that the Lagergren pseudo
rst-order kinetics was found to well represent the experimen-
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al kinetic data where the probable sorbate interactions were
xpected to be negligible. Lagergren pseudo first-order kinetics
re not proved to be effective in representing the experimen-
al kinetic data for the entire sorption period [1,2]. In some
ases though the Lagergren pseudo first-order kinetics provide
xcellent fit with the experimental kinetic data, it failed to pre-
ict the qe theoretically thereby deviating from the theory [8].
xternal mass transfer and intraparticle diffusion will represent

he experimental kinetics where the effect of pore diffusion and
lm diffusion are expected to negligible respectively. Recently

he pseudo second-order expression as proposed by Ho [9] was
ound to well explain the kinetics of the most of sorption sys-
ems very well for the entire range of sorption period. The Ho
seudo second-order expression was found to show a better fit
owards the sorption of heavy metals [10], dyes onto adsor-
ent materials of organic nature [11–13] and inorganic nature
14] nature. However a linear pseudo second-order expression
roposed by Blanchard et al. [15] with ideas similar to Ho

xpression was found to poorly represent the sorption system
f safranin onto rice husk particles [16]. In the present study
n extensive analysis of pseudo second-order expression and
seudo first-order expression was made using the experimen-
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al kinetic data of methylene blue onto activated carbon. Also a
omparison of linear and non-linear regression method of esti-
ating the kinetic parameters and optimum kinetics were also

iscussed.

. Materials and methods

The dye used in all the experiments was methylene blue, a
asic (cationic) dye. The structure of methylene blue (C.I: Basic
lue 9) is given by:

The stock solution of methylene blue was prepared by dis-
olving 1 g of methylene blue in one liter of distilled water. All
orking solutions of desired concentrations were prepared by
iluting the stock solution with distilled water.

The powdered activated carbon used in the present study was
btained from E-merck limited, Mumbai. The obtained activated
arbon was directly used as adsorbents without any pretreatment.
ome of the specifications of the activated carbon used in the
resent study as supplied by the manufacturer are given by: sub-
tances soluble in water: ≤1%; substances soluble in HCl: ≤3%;
l: ≤0.2%; SO4: ≤0.2%; heavy metals as Pb: ≤0.005%; iron

Fe): ≤0.1%; incomplete carbonization: passes test; methylene
lue adsorption: ≤180 mg/g; loss on drying: ≤10; residue on
gnition: ≤5%.

Sorption kinetics experiments were carried out using baffled
gitators of 2 L capacity for different initial dye concentrations.
.5 L of dye solution of known initial dye concentration was
gitated with 0.66 g of activated carbon at room temperature
32 ◦C) at a pH of 8 and at a constant agitation speed of 800

pm. A 2.5 mL of samples were pipetted out using 10 mL syringe
t different time intervals through a syringe filter (membrane
lter 0.45 �m). The concentration in the supernatant solution
as analyzed using UV spectrophotometer.

i
p
r
z

able 1
seudo second-order kinetics and their linear forms

ype Non-linear form Linear form
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. Results and discussions

For adsorption system following the pseudo second kinetics,
he adsorbate was assumed to get adsorbed onto two surface
ites. Thus the sorption kinetics following pseudo second-order
inetics can be represented as

d(AC)t

dt
= K[(AC)0 − (AC)t]

2 (1)

here (AC)t and (AC)0 represents the number of active sites
ccupied on the activated carbon at any time and (AC)0 is the
umber of active sites available on the adsorbent surface.

The kinetic rate equations can thus be rewritten as follows:

dq

dt
= K2(qe − q)2 (2)

here K2 is the rate of sorption (g/mg min), qe the amount of
ye adsorbed onto activated carbon at equilibrium (mg/g) and
is the amount of dye adsorbed at any time (mg/g). Separating
q. (2), gives:

dq

(qe − q)2 = K2 dt (3)

ntegrating Eq. (3) for boundary conditions t = 0 and t = t and
= 0 and q = q, gives [15]:

1

qe − q
= 1

qe
+ K2t (4)

hich is the integrated rate law for pseudo-second reaction.
Eq. (4) can be linearized to at least four more different linear

orms as shown in Table 1. Table 1 also shows the non-linear
orm of Eq. (4). A type 1 expression as shown in Table 1 was
reviously reported by Ho [9] for the sorption of divalent metal

ons onto peat particles. A type 5 expression as in Table 1 was
reviously reported by Blanchard et al. [15] for the exchange
eaction of divalent metallic ions onto NH4

+ ions fixed onto
eolite particles.

Plot Parameters

K1t

2.303
log(qe − q) vs. t K1 = −2.303 × slope

t/q vs. t qe = 1/slope, K2 = slope2/intercept

1/q vs. 1/t qe = 1/intercept, K2 = intercept2/slope

1/t vs. 1/q qe = −slope/intercept, K2 = intercept2/slope

q/t vs. q qe = −intercept/slope, K2 = slope2/intercept

1/(qe − q) vs. t qe = 1/intercept, K2 = slope
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Fig. 2. Lagergren pseudo first-order kinetics by linear method and experimental
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ig. 1. Type 1 pseudo second-order kinetics by linear method and experimental
inetics for the sorption of methylene blue onto activated carbon (M: 0.66 g; V:
.5 L; pH: 8; agitation speed: 800 rev min−1).

Likewise the sorption of methylene blue following the first-
rder kinetics can be represented as

dq

dt
= K1(qe − q) (5)

ntegrating Eq. (5) for boundary conditions t = 0 and t = t and
= 0 and q = q, gives [17]:

og(qe − q) = log(qe) − K1t

2.303
(6)

For the present study, the experimental kinetic data for methy-
ene blue onto activated carbon were fitted to the five different
inearized forms of pseudo second-order model and the lin-
arized pseudo first-order kinetic expression. The non-linear
seudo second-order model and pseudo first-order kinetic model
nd its linearized expressions were given in Table 1. The pseudo
econd-order kinetic constant and the theoretical qe by a type
pseudo second-order expression can be calculated from the

lots of t/q versus t as shown in Fig. 1. Similarly the pseudo
econd-order kinetic constant K2 and the theoretical qe can be
btained from the plot of 1/q versus 1/t, 1/t versus 1/q, q/t ver-
us q and 1/qe − q versus t for a type 2, type 3, type 4 and
ype 5 pseudo second-order expressions respectively. The way
o obtain the kinetic rate constant K2 (g/mg min), initial sorption
ate h (mg/g min) and the amount of dye adsorbed at equilib-
ium qe (mg/g) are explained in Table 1. The pseudo first-order
inetic constant and the theoretical qe based on pseudo first-order
inetics can be obtained from the plot of log(qe − q) versus t.
he predicted kinetics from the linear pseudo first-order kinetic
xpression was shown in Fig. 2. The calculated kinetic con-
tants at different methylene blue concentration were shown in
able 2. From Table 2, it was observed that the K2, initial sorp-

ion rate, qe values obtained from the five linear forms of pseudo

econd-order expressions were different. The very lower r2 val-
es for type 5 pseudo second-order expression suggests that it is
ot appropriate to use pseudo second model. However the very
igher r2 values (>0.99 in most of the cases) for type 1 expression

o
p
s
k

inetics for the sorption of methylene blue onto activated carbon (M: 0.66 g; V:
.5 L; pH: 8; agitation speed: 800 rev min−1).

t all initial dye concentration studied suggests pseudo second-
rder kinetic expression was the optimum kinetic expression to
epresent the methylene blue uptake by activated carbon. By lin-
ar method, a theoretical pseudo second-order model was found
o well represent the experimental kinetic data of methylene
lue onto activated carbon based on a type 1 pseudo second-
rder kinetic expression. However a type 5 pseudo second-order
xpression very poorly represents the kinetic data of methylene
lue onto activated carbon. In addition a type 1 pseudo second-
rder expression predicts reasonably the qe values theoretically
or all the range of initial dye concentrations studied (Table 2).
owever from Table 2, it can be noticed that a type 5 pseudo

econd-order expression failed to predict the qe values theoreti-
ally. Thus the theory behind the pseudo second-order kinetics
as getting valid for methylene blue/activated carbon system
ased on a type 1 expression and the theory behind the pseudo
econd-order kinetics was violated by a type 5 expression. Fur-
her for an initial dye concentration of 100 mg/L, a type 5 pseudo
econd-order expression produced negative qe values from the
seudo second-order kinetic theory which is experimentally and
ractically impossible. In addition from Table 2, it was observed
hat the theoretically predicted q values increases with increasing
nitial dye concentration. However in the actual adsorption pro-
ess, which is a surface phenomena, the amount of dye adsorbed
hould increase with increasing initial dye concentration. From
able 2, the reasonably higher r2 values for type 5 expressions
uggests that it can be used to represent the kinetics of methylene
lue onto activated carbon. However the theoretically predicted
e value using type 5 expressions suggests it is highly irrelevant
o use a pseudo second-order model as it violates both the the-
ry and the adsorption phenomena. Thus the theory behind the

seudo second-order model was getting valid for a type 1 pseudo
econd-order expression and the theory of pseudo second-order
inetics and the adsorption theory was found to getting vio-
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Table 2
Pseudo second-order rate constants by linear method for the sorption of methylene blue onto activated carbon (Co: mg/L; qe, mg/g; h, mg/g min; K2, g/mg min; K1,
min−1)

C0 qe, experimental Type 1 pseudo second-order
kinetics

Type 2 pseudo second-order
kinetics

Type 3 pseudo second-order
kinetics

h K2 qe r2 h K2 qe r2 h K2 qe r2

100 221.5 691.46 0.0139 222.41 0.99998 1165.49 0.02395 220.597 0.91142 1062.25 0.02175 221.014 0.91142
125 234 1661.53 0.0302 234.54 0.99999 1042.32 0.01883 235.304 0.97222 1013.37 0.01828 235.46 0.97222
150 247 1793.27 0.0292 247.56 0.99999 1155.79 0.01876 248.236 0.96227 1112.18 0.01802 248.451 0.96227
175 268 1640.46 0.0227 268.71 0.99999 1111.14 0.01531 269.447 0.96551 1072.81 0.01475 269.687 0.96551
200 286 1592.52 0.0193 286.84 0.99998 1025.27 0.01237 287.957 0.97378 998.389 0.01202 288.181 0.97378
225 310 1988.69 0.0205 310.83 0.99998 941.686 0.00959 313.404 0.9984 880.511 0.00893 314.058 0.92968
250 332 2383.76 0.0215 332.79 0.99998 1172.51 0.01045 335.01 0.9985 1079.18 0.00957 335.772 0.91137
275 364 1674.45 0.0125 365.3 0.99997 1177.95 0.00878 366.371 0.99854 1114.11 0.00827 366.959 0.92007

C0 qe, experimental Type 4 pseudo second-order
kinetics

Type 5 pseudo second-order
kinetics

Lagergren pseudo first-order
kinetics

h K2 qe r2 h K2 qe r2 K1 qe, experimental r2

100 221.5 1044.19 0.0213 221.09 0.90287 267.7848 0.016084 −129.031 0.877537 0.14958 52.1494 0.65206
125 234 1007.13 0.0181 235.49 0.96771 2223.994 0.019344 339.0773 0.995028 0.33634 96.3384 0.77755
150 247 1104.17 0.0178 248.49 0.9574 10522.29 0.01926 739.1351 0.986872 0.33924 101.034 0.77901
175 268 1063.94 0.0146 269.74 0.95942 120.4535 0.011934 100.4657 0.985277 0.30479 107.572 0.72703
200 286 991.321 0.0119 288.24 0.96778 188.6553 0.010676 132.934 0.990576 0.30379 122.186 0.75121
225 310 870.781 0.0088 314.182 0.91503 227.3415 0.00752 173.8745 0.963766 0.48475 206.903 0.81175
2 08
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50 332 1067.71 0.0094 335.884 0.89812 183.92
75 364 1098.57 0.0081 367.13 0.91067 907.52

ated by a type 5 pseudo second-order expression for the same
xperimental equilibrium data of methylene blue onto activated
arbon. These two observations based on a type 1 and type
expressions suggests that the linear method just verify the

ypothesis of linear regression instead of verifying the theory of
dsorption kinetics. These different observations and predictions
y linear method show the complexities in predicting the opti-
um sorption kinetics. These different outcomes show the real

omplexities and problems in estimating the kinetic parameters
y linearization technique. The different outcomes for different
inearized form of pseudo second-order models are due to the
ariation in the error structure will get varied upon linearizing the
on-linear equation. The error distribution may vary the better
r worse depending on the way the kinetic model is linearized.
his is because of the problem with the linear method as they
ause some of the assumptions behind linear regression getting
iolated. The transformation of non-linear pseudo second-order
xpression to a type 3, type 4 and type 5 linear expressions dis-
orts the experimental error. Linear regression assumes that the
catter of points around a line follows a Gaussian distribution
nd that the standard deviation is the same at every value of X.
hese assumptions are rarely true after transforming the experi-
ental data. Sometimes these transformations alter the relation

etween Y and X. Say in the case of a type 1 pseudo second-order
xpression the kinetics of dye uptake process was found to fit
he kinetic trend for the entire sorption period, i.e., the type 1
seudo second-order expression well represents the multi-step

orption process that include initial rapid phase and the later
lower phase which proceeds towards saturation. However for
he same experimental kinetic data a type 5 pseudo second-order
xpression produced negative qe values with a very poor r2 val-

p

i
t

0.007506 156.5366 0.936817 0.49533 211.41 0.78324
0.007771 341.7272 0.976218 0.29448 168.881 0.78215

es. In the present case, the pseudo second-order expression
ransforms to the best in case of type 1 linear form and the pseudo
econd-order expression transforms to the worse in case of type
linear expressions. Various outcomes for the five linearized

quations are also due to the different axial settings that would
lter the result of linear regression and influence the determina-
ion process [18]. The linear method does not check whether the
rocess or the kinetic trend is linear or not, instead it assumes
he experimental data or the transformed experimental data are
inear. The linear method just reports the slope and intercept
or a linear trendline that best predicts the Y value for a given
. This makes the reason for the better or worse fit of pseudo
econd-order kinetics due to the various axial settings due to the
ransformation of non-linear kinetic expression to various linear
xpressions (types 1–5). The various outcomes due to lineariza-
ion clearly indicates that for linear method, all the uncertainty
s in Y, while X is known precisely. This confirms the possibility
f the violation of the normality assumptions behind the linear
egression method. Thus it will be more appropriate to use non-
inear method to estimate the parameters involved in the kinetic
ate expression. Also, non-linear method has an advantage that
he error distribution does not get altered as in linear technique,
s all the isotherm parameters are fixed in the same axis.

In the case of Lagergren pseudo first-order kinetics, the very
ower r2 value (Table 2) for all the range of initial dye concentra-
ion studied suggests that it is inappropriate to use this kinetics
o represent the methylne blue sorption onto activated carbon

articles.

For non-linear method, a trial and error procedure, which
s applicable to computer operation, was developed and used
o determine the kinetic parameters by minimizing the respec-
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Fig. 3. Pseudo second-order kinetics by non-linear method and experimental
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inetics for the sorption of methylene blue onto activated carbon (M: 0.66 g; V:
.5 L; pH: 8; agitation speed: 800 rev min−1).

ive the coefficient of determination between experimental data
nd predicted values using the solver add-in with Microsoft’s
preadsheet, Microsoft Excel. Figs. 3 and 4 show experimental
ata and the predicted pseudo second-order and pseudo first-
rder kinetics using non-linear method. Figs. 3 and 4 also shows
he experimental kinetic data of methylene blue onto activated
arbon. The obtained pseudo first-order rate constant K1, pseudo
econd-order rate constant K2, initial sorption rate h, and the pre-
icted qe values by non-linear analysis were given in Table 3.
rom Table 3, the very higher r2 values for a pseudo first-order
inetics suggests this model can be used to represent the kinetic
ptake of methylene blue onto activated carbon. While com-
aring the r2 value of pseudo first-order kinetics obtained by
inear method (Table 2) and non-linear method (Table 3), it
an be observed that the linear method fails to well represent
he kinetics of methylene blue onto activated carbon. However

he excellent fit of pseudo first-order kinetic in the experimen-
al kinetic data for the entire sorption period suggests it is not
ppropriate to use the linear regression method while using the

u
m
f

able 3
seudo second-order rate constants by non-linear method for the sorption of methyle

1, min−1)

0 Pseudo second-order kinetics (non-linear expression)

qe K2 qe h

00 221.5 0.021366 221.0671 1044.192
25 234 0.018162 235.4824 1007.126
50 247 0.017884 248.476 1104.174
75 268 0.014624 269.7243 1063.943
00 286 0.011934 288.2187 991.3213
25 310 0.009587 313.4044 941.6759
50 332 335.0096 0.010447 1172.517
75 364 0.008779 366.3623 1178.349
cs for the sorption of methylene blue onto activated carbon (M: 0.66 g; V: 1.5 L;
H: 8; agitation speed: 800 rev min−1).

agergren pseudo first-order kinetic expression. From Table 3,
t was also observed that the pseudo first-order kinetics predicts
he qe value more accurately suggesting the applicability of this
odel in representing the methylene blue uptake by activated

arbon particles at equilibrium conditions. The best and worse
t of experimental kinetic data in pseudo first-order kinetics
y non-linear and linear method suggests the kinetics is trans-
orming to the worse while linearizing the non-linear pseudo
rst-order kinetics expression. Thus it is inappropriate to use

he Lagergren pseudo first-order kinetic expression to check
hether the experimental kinetic is following a first-order kinet-

cs. Instead non-linear first-order expression would be a better
ption to check the applicability of pseudo first-order kinetics
ith the experimental kinetic data. In the case of pseudo second-
rder kinetics, by non-linear method, the results from the five
sing non-linear method there are no problems with transfor-
ations of non-linear pseudo second-order equation to linear

orms, and also they are in the same error structures. Thus it

ne blue onto activated carbon (Co: mg/L; qe, mg/g; h, mg/g min; K2, g/mg min;

Pseudo first-order kinetics

r2 K1 qe r2

0.999216 1.458668 214.3944 0.999329
0.999687 1.256877 230.2776 0.998311
0.999619 1.290648 243.0267 0.998192
0.999544 1.228569 263.1042 0.998058
0.999536 1.149333 280.5086 0.997801
0.998395 1.056341 305.1162 0.995162
0.9985 1.142707 326.8946 0.995637
0.99854 1.157162 354.7124 0.995078
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using the Ho kinetic expression, instead the remaining the three
other alternate linearized forms (Table 1) can be used to explain
the methylene blue/activated carbon system.
Fig. 5. Effect of linearization on initial sorption rate, h.

ill be more appropriate to use non-linear method to estimate
he parameters involved in the kinetic equation. Also non-linear

ethod had an advantage that the error distribution does not get
ltered as in linear technique, as all the kinetic parameters are
xed in the same axis.

As the present investigation confirms the non-linear method
s an appropriate technique to predict the optimum sorption
inetics, the best-fit linearized form of pseudo second-order
odel was determined by comparing it with the constants pre-

icted from the non-linear method. However a type 5 expression
as omitted in the comparison study as it was found to violate

he theory behind the pseudo second-order kinetics and also
he adsorption theory. The effect of linearization on the kinetic
arameters was estimated by plotting the K2, initial sorption
ate and predicted qe values calculated by non-linear method
gainst these constants predicted by linear method as shown in
igs. 5–7, respectively. From Figs. 5–7, it was observed that

he kinetic parameters obtained from Ho’s type-1 expression
lone produced different observations, whereas the K2 and ini-
ial sorption rate are more or less in a same trend line. A best
t linear expression does not depends only on how it best rep-
esent the experimental data, instead it should be accurate in
redicting the rate kinetic parameters, which actually play a key
ole in adsorber design. From Figs. 5 and 6 it was observed that
t is inappropriate to use the Ho pseudo second-order expres-
ion, instead the other three linear forms of pseudo second-order
xpression, which show consistency in predicting the rate con-
tant K2 and the initial sorption rate. However from Fig. 7, it
as clear that Ho’s type 1 pseudo second-order expression pro-
ides good correlation with non-linear method in predicting qe

mg/g), the amount of dye adsorbed at equilibrium condition.

The relation between initial sorption rate h (mg/g min) and
he rate constant K2 (g/mg min) predicted by non-linear method
ith C0 is given by Eqs. (7) and (8) with a correlation coefficient F
Fig. 6. Effect of linearization on pseudo second-order rate constant, K2.

f 0.9755 and 0.9615, respectively:

2 = C0

155.39C0 − 13438
(7)

= C2
0

0.3297C0 − 26.592
(8)

s the present study shows that it is inappropriate to use Ho
xpression in predicting the sorption kinetics, it is better to avoid
ig. 7. Effect of linearization on the amount of dye adsorbed (predicted qe).
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. Conclusions

The sorption of methylene blue onto activated carbon was
ound to be well represented by the pseudo first-order and pseudo
econd-order kinetics. The present study confirms it is highly
rrelevant to use linear method to obtain the parameters in Lager-
ren pseudo first-order kinetic expression. By linear method
type 1 expression very well represent the kinetic uptake of
ethylne blue onto activated carbon. A type 5 expression was

ound to be the worse fit pseudo second-order kinetic expres-
ion. Non-linear method was found to be a better method than
he linear method for predicting the optimum kinetics and the
arameters involved in them. By non-linear method both pseudo
rst-order and pseudo second-order kinetics very well represent

he kinetics of methylne blue onto activated carbon. Non-linear
ethod is the correct way to obtain the parameters involved in the

seudo first-order kinetics. The types 2–4 pseudo second-order
xpressions produced similar second-order kinetic constants
imilar to that of non-linear pseudo second-order kinetics.
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