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a b s t r a c t

Kaolinite clay obtained from Ubulu-Ukwu, Delta State in Nigeria was modified with polyvinyl-alcohol
(PVA) reagent to obtained PVA-modified Kaolinite clay. Kinetic and equilibrium data were obtained for
the batch adsorption of Pb2+ onto PVA-modified Kaolinite clay.

Time-dependent Langmuir and pseudo-second order kinetic models (TDLM and PSOM) were developed
to predict the optimized minimum operating time for the adsorption of Pb2+ onto PVA-modified Kaolinite
eywords:
ptimization
lay
wo-stage
aolinite clay

clay in a two-stage batch adsorber system. Results obtained suggest that the two-stage batch adsorber
process leads to improved contact time and increased percentage Pb2+ removal.

Data from both models (TDLM and PSOM) were compared using t-test and F-test and were found to be
precise enough for use in the optimization of kinetic data for a two-stage adsorption of Pb2+ ions from
aqueous solution.
odels
atch adsorption

. Introduction

Contamination of water with heavy metal ions from aqueous
aste streams of industries such as metal plating, mining opera-

ions, tanneries, smelting, etc., has become a serious threat to both
he environment and health of man and animals. Increased concern
bout the environment and the health of man has led to various
ational and international regulations on water pollution. In recent
ears, scientists have been involved in research to find cheap alter-
ative source of adsorbents and cost-effective technologies for the
emoval of heavy metal ions from water and wastewater solutions.

Information on the adsorption kinetics and equilibrium is
eeded for adsorbent evaluation and process design and opti-
ization. Such information is usually obtained from experimental

tudies. Mathematical models are then developed and validated
ased on this information.

Batch adsorption process has over the years gained wide accept-
bility because unlike fixed adsorption process, there is little or no
ressure drop as a result of particle size of adsorbent. Besides, agita-

ion improves the adsorption better than fixed bed method because
f reduced mass transfer resistance at the adsorbate–adsorbent

nterface.
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Previous optimization models for batch adsorbers were based on
minimizing the mass of the adsorbent required to remove certain
concentration of metal ion from a fixed volume of wastewater. This
optimized parameter becomes critical when expensive adsorbents
such as activated carbon and zeolites are involved [1].

Using cheaper adsorbents and minimizing contact time required
to achieve a desired percentage removal of the metal ion with a
fixed adsorbent dose will enable the treatment of more batches of
polluted wastewater per day. This will lead to reduction in process
plant equipment size and ultimately a decrease in capital cost of
treatment [1].

Clay minerals usually referred to as phyllosilicates, have been
found to be effective adsorbents for metal ions. However, there is
the problem of their recovery from filters after use which makes
them less attractive as adsorbents when compared with activated
carbon.

Previous articles have discussed the use of the pseudo-second
order kinetic model for the optimization of minimum contact time
in a two-stage batch adsorption process [2–4]. In same vein, there
are only two articles (Ho and McKay [1] and Unuabonah et al.
[5]) on the use of the time-dependent Langmuir model for the
optimization of minimum contact time in a two-stage batch adsorp-

tion process using equilibrium data. However, comparison of data
from both two-stage pseudo-second order kinetic and two-stage
time-dependent Langmuir have not being made to ascertain how
reliable either model could be for use on kinetic or equilibrium data
obtained from a one-stage batch adsorption process.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:iyaemma@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.05.126
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This paper therefore, reports the optimization of equilibrium
nd kinetic data obtained for the adsorption of Pb2+ onto a new
dsorbent called polyvinyl-modified Kaolinite clay adsorbent (PVA-
odified Kaolinite clay adsorbent) which is water-stable and quite

fficient in the removal of Pb2+ from aqueous solution [6]. This was
chieved using two-stage adsorber design models- two-stage time-
ependent Langmuir model and two-stage pseudo-second order
inetic model initially developed by Ho and McKay [1,7] respec-
ively. The principle behind the models is based on predicting the

inimum contact time required to adsorb a fixed percentage of
dsorbate from a given volume of wastewater effluent of speci-
ed adsorbate concentration, using a fixed mass of the adsorbent.
his minimum contact time enables the minimum size of the batch
dsorption equipment to be specified and therefore minimize cap-
tal investment costs.

Data from both models were further compared statistically to
etermine the suitability of either model for optimizing kinetic and
quilibrium data for minimum contact time in a two-stage batch
dsorption process.

Data used for the model analysis were kinetic and equilibrium
ata for the adsorption of Pb2+ onto PVA-modified Kaolinite clay.

. Materials and methods

Kaolinite clay used in this study was obtained from Ubulu-Ukwu,
elta State, Nigeria. On collection, stones and other heavy parti-
les were removed from the sample. It was then sieved through
220�m mesh sieve to remove the larger non-clay fractions from

he clay. It was further purified by method described in our previous
ork [8].

.1. Modification of clay sample

The Kaolinite was acid treated with 2 M HNO3 for 1 h to oxidize
he clay mineral. This was then centrifuged and washed several
imes with distilled-deionized water and the sample was dried in
he oven at 373 K.

50 g of Kaolinite sample was added to a certain amount of
istilled-deionized water. This was heated to boiling, and then
ertain percentages of polyvinyl alcohol (PVA) and formaldehyde
olution were added to the suspension. This was swiftly agitated
ntil Kaolinite-resin gel was formed. On formation of Kaolinite-
esin gel, 5% PVA was then added as coating. This was heated for a
hile. This step was repeated three times before the sample was
ashed thoroughly with distilled-deionized water and dried at

33 K in an oven. Once dried, the very hard Kaolinite-resin was bro-
en into particles and sieved into desired particle size of 220 �m.
his was the same particle size of the Unmodified Kaolinite adsor-
ent used throughout the experiment.

.2. Adsorption equilibrium study

The pH of the metal ion solutions for polyvinyl alcohol modi-
ed adsorbent (PVA-modified kaolinite clay sample) were adjusted

o 5.5 ± 0.05. Batch adsorption experiments were performed at
oom temperature (28.0 ± 2 ◦C) on a rotary shaker at 100 rpm,
sing 120 mL capped polyethylene bottles containing 20 mL of
0–400 mg/L of Pb2+ solutions and 0.1 g of PVA-modified kaolin-

te clay adsorbents for 5 h. After agitation, the suspensions were
entrifuged at 1500 rpm for 15 min and supernatant kept for Pb2+

nalysis.
.3. Kinetics of adsorption

The points of zero charge (PZC) of the unmodified and PVA-
odified kaolinite clay adsorbents were found to be 4.40 and
us Materials 171 (2009) 215–221

4.25, respectively. A series of adsorption experiments were car-
ried within a pH range of 4.0–7.0 and it was observed that
adsorption of Pb2+ increased with increasing pH. It was observed
that at pH 5.0 the percentage Pb2+ precipitated from 300 mg/L
Pb2+ solution was 4.5% while at 6.0 it was 8.75%. It increased
up 27.5% at pH 7.0. Using the information from both PZC
and percentage precipitation it was decided that the adsorp-
tion reaction in this research work be carried out at pH 5.5
[6].

A stock solution of 1000 mg/L Pb2+ was prepared from its nitrate
using distilled-deionized water. 150, 300, 400 mg/L of metal ion
solutions of Pb2+ was prepared and their pH adjusted to 5.5 ± 0.01
with either 0.1 M HCl or 0.1 M NaOH. For kinetic measurements, 5 g
in 1 L of the PVA-modified Kaolinite adsorbent was used. A power
stirrer with impeller blades was used to keep the adsorbents in
constant contact with the aqueous metal ion solution at 150 rpm.
0.5 mL of samples were withdrawn at time intervals between 0
and 80 min, filtered through a 0.45 �m millipore filter paper and
made up to 5 mL. The samples collected were then analyzed for
Pb2+ using ICPAES (Inductively Coupled Plasma Atomic Emission
Spectroscopy) IRIS Advantage model (made by Thermo Fisher). This
procedure was carried out for samples at 298, 313 and 323 K.

The amounts of lead ions adsorbed by the adsorbent were cal-
culated by difference using the formula:

qe = (Co − Ce) × V/W (1)

where Co is the initial concentration of metal ion (mg/L), Ce the
equilibrium concentration of metal ion (mg/L), V is the volume of
metal ion (mL), W is the weight of adsorbent used (g) and qe is the
amount of metal ion adsorbed (mg/g).

2.4. Adsorption kinetic models

The pseudo-second order kinetic model (PSOM) is obtained as
follows:

dqt

dt
= k2(qe − qt)2 (2)

On rearrangement and integration

1
qe − qt

− 1
qe

= kt (3)

When this is linearized, it gives

t

qt
= 1

kq2
e

+ t

qe
(4)

where qe is the amount of Pb2+ adsorbed at equilibrium (mg/g), qt

is the amount of Pb2+ adsorbed at time t (min) in mg/g and k is the
rate constant of the PSOM for adsorption of both metal ions.

The initial adsorption rate h, can be obtained by the following
equation:

h = kq2
e (5)

where h is the initial adsorption rate (mg/g min).
The non-linear form Eq. (8) is:

qt = kq2
e t

1 + kqet
(6)

3. Results and discussions

3.1. Physicochemical properties
In our previous study it was observed that the adsorption capac-
ity of PVA-clay Kaolinite clay adsorbent was over 8 times that of
Unmodified Kaolinite clay for the adsorption of Pb2+. The Scanning
Electron Microscopy of PVA-modified Kaolinite clay adsorbent has
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ig. 1. Schematic diagram for a two-stage countercurrent batch adsorption process.

een presented in our previous works [9,10]. The specific surface
rea (SSA) of PVA-clay was 7.92 m2 g−1 while the SSA of Unmodified
aolinite clay adsorbent was 10.56 m2 g−1. The observed decrease

n SSA did not in any way affect the efficiency of the PVA-modified
aolinite clay adsorbent as it was more efficient than the unmod-

fied adsorbent in the adsorption of Pb2+. This is because the
ecrease in surface area was well compensated for by the increase in
ctive sites available for the adsorption of metal ions, on the surface
f the modified adsorbent [5].

The point of zero charge (the pH at which the sum total of the
harges on the surface an adsorbent is zero) of both Unmodified
nd PVA-modified Kaolinite clay adsorbents were found to be 4.40
nd 4.25 respectively. The implies that at pH values above the PZC
f the adsorbent (4.25) the surface of the PVA-modified Kaolinite
lay adsorbent will possess increasing amount of negative charges
hile below this charges will increasing be positive. The cation

xchange capacity (CEC) of PVA-modified Kaolinite clay adsorbent
as determined to be 51.04 meq/100 g adsorbent [5] while that for

he Unmodified Kaolinite clay was 7.81 meq/100 g adsorbent [7].

.2. Batch adsorber analysis

.2.1. Two-stage pseudo-second order model
Kinetic equations can be used to predict the design of two-stage

rosscurrent batch adsorption systems [2,3,6,11,12]. The basis of
his model is now discussed. A schematic diagram for a two-stage
dsorption system is shown in Fig. 1.

The solution to be treated contains L (dm3) solution and the Pb2+

oncentration is reduced for each stage from C0 to C1 (mg/dm3). The
mount of adsorbent added is S (g) with solid-phase Pb2+ concen-
ration on the PVA-modified Kaolinite clay adsorbent q0 (mg/g).
hus, Pb2+ concentration on the adsorbent increases from q0 to q1
mg/g) adsorbent. The mass balance equation gives [8].

(Cn−1 − Cn) = S(qt,n − q0) (7)

f at each stage certain amount of the adsorbent is used for the
dsorption, the pseudo-second order equation can then be used to
escribe the equilibrium in the two-stage adsorption system. Thus
he mass balance equation can be obtained by combining Eqs. (6)
nd (7):

n = Cn−1 − Skq2
e,nt

L(1 + kqe,nt)
(8)

he total amount of Pb2+ removal can be calculated analytically as

ollows.
N

n=1

Cn−1 − Cn =
N∑

n=1

100Skq2
e,nt

LCo(1 + kqe,nt)
(9)
us Materials 171 (2009) 215–221 217

where n is the adsorption system number (n = 1, 2, 3, 4, . . ., N).
The Pb2+ removal, Rn, in each stage can be evaluated from the

equation as follows:

Rn = 100(Cn−1 − Cn)
Co

= 100Skq2
e,nt

LCo(1 + kqe,nt)
(10)

The total removal of Pb2+ can be calculated analytically as fol-
lows:

N∑

n=1

Rn = 100S

LCo

N∑

n=1

kq2
e,nt

1 + kqe,nt
(11)

The corresponding linear plots of the values of qe and k against ini-
tial Pb2+ concentrations Co were regressed to obtain expressions for
these values in terms of the initial Pb2+ concentration [4]. High cor-
relation coefficients were obtained as shown in Table 1. Therefore
it is useful for process design purposes if qe and k can be expressed
as a function of Co for adsorption of metal ion onto PVA-modified
Kaolinite clay as follows:

qe = Xqe CYq
o (12)

k = XkCYk
o (13)

Substituting the values of qe and k from Eqs. (12) and (13) into Eqs.
(10) and (11), gives:

Rn =
100S(XkCYk

n−1)(XqCYq
n−1)

2
t

LCo[1 + (XkCYq
n−1)t]

(14)

N∑

n=1

Rn = 100S

LCo

N∑

n=1

(XkCYk
n−1)(XqCYq

n−1)
2
t

[1 + (XkCYk
n−1)(XqCYq

n−1)t]
(15)

Eqs. (7)–(15) were developed by Ho and McKay [4]. Eqs. (14)
and (15) can be used to predict the removal of Pb2+ at any given
initial Pb2+ concentration and the reaction time for any multi-stage
system.

When qe and k against initial Pb2+ concentration were regressed,
the following equations were obtained:

q = 0.4592C0.7765
o r2 = 0.9813 (16)

k = 5.96C−1.0601
o r2 = 0.9306 (17)

When these were
N∑

n=1

Rn = 100S

LCo

N∑

n=1

(5.96C−1.0601
n−1 )(0.4592C0.7765

n−1 )
2
t

[1 + (5.96C−1.0601
n−1 )(0.4592C0.7765

n−1 )t]
(18)

3.2.2. Two-stage time-dependent Langmuir model
Batch adsorption equilibrium can be represented by the Lang-

muir isotherm as derived and applied by Ho and McKay [1]:

qe = Qm,ebL,eCe

1 + bL,eCe
(19)

where qe = the sorption capacity at the equilibrium of solute con-
centration Ce (mg metal ion g−1 adsorbent); Ce = the concentration
of adsorbate in solution (mg metal ion L−1); Qm,e = the maximum
adsorption capacity corresponding to complete monolayer cover-
age (mg metal ion g−1 adsorbent); bL,e = Langmuir constant related
to the energy of sorption (L−1 mg−1).

This is for a single batch adsorber system and does not incorpo-
rate the time factor. The parameters Ce and qe are equilibrium values

and such single batch adsorber system require long contact times
for the sorption system to reach complete equilibrium saturation
which invariable leads to unreasonably long hold-up times. To cir-
cumvent this problem, it is therefore better to replace these values
by more realistic time-dependent liquid phase concentrations, Ce,t,
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Table 1
Adsorption times (min) for the adsorption of various percentage removal of Pb2+ for a series of two-stage batch adsorption systems using PSOM.

System no. Stage 1 Stage 2

Contact time 95% Removal time (min) 90% Removal time (min) 85% Removal time (min) 80% Removal time (min)

1 2 35.5 33.7 31.8 29.9
2 4 27.0 25.6 24.2 22.7
3 6 24.2 22.9 21.6 20.4
4 8 22.8 21.6 20.4 19.2
5 10 21.9 20.7 19.6 18.5
6 12 21.3 20.2 19.1 18.0
7 14 20.9 19.8 18.7 17.6
8 16 20.6 19.5 18.5 17.4
9 18 20.4 19.3 18.2 17.2

10 20 20.2 19.1 18.1 17.0
11 22 20.1 19.0 17.9 16.9
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8

12 24 19.9 18.9
13 26 19.8 18.8
14 28 19.7 18.7
15 30 19.6 18.6

nd adsorbed phase concentrations, qe,t. Nevertheless, for a multi-
tage adsorber, the question of how the mass balance equation
an be solved and optimized to minimize total batch contact time
rises. To provide solutions to these questions the time-dependent
angmuir type equation was developed.

e,t = Qm,tbL,tCt

1 + bL,tCt
(20)

The values of twelve sample times from 2 to 30 min for Pb2+ are
iven in Table 1 with their various effective time dependent Lang-
uir equation parameters for the different fixed contact times. The

orrelation coefficients are in the range of 0.9840–0.9950. Linear
lots of Qm,t and bL,t against time were made and their values were
egressed to obtain expressions of Qm,t and bL,t as a function of time.

For the adsorption of Pb2+ ions onto PVA-modified Kaolinite clay
dsorbent

m,t = t

1.60 × 10−2t + 0.0237
r2 = 0.9988 (21)

L,t = t

64.034t + 120.15
r2 = 0.9532 (22)

e,t = (t/(1.60 × 10−2t + 0.0237))(t/(64.034t + 120.15))Ce,t

1 + (t/(64.034t + 120.15))Ce,t
(23)

here Qm,t and bL,t are time dependent equilibrium adsorption
apacity and time dependent Langmuir constant related to the
nergy of adsorption. Eq. (23) can be used to predict the amount

f Pb2+ adsorbed for any sorption contact time.

The mass balance equation for the use of fresh adsorbent at each
tage (qo = 0 mg g−1) using the time-dependent Langmuir expres-
ion of Eq. (23) to describe the amount of metal ion adsorbed at

able 2
ixed time dependent langmuir equation parameters for the adsorption of Pb2+ onto
VA-modified Kaolinite clay adsorbent.

ime (min) Qm,t (mg/g) b (g mg−1 min) r2

2 30.96 5.86 × 10−3 0.9815
4 49.50 5.35 × 10−3 0.9744
6 45.87 9.85 × 10−3 0.9321

10 51.55 1.22 × 10−3 0.9669
15 61.35 1.03 × 10−3 0.9825

0 57.47 1.44 × 10−3 0.9564
0 60.24 1.40 × 10−3 0.9511
0 62.50 1.39 × 10−3 0.9458
0 60.24 1.59 × 10−3 0.9386
17.8 16.8
17.7 16.7
17.6 16.6
17.6 16.5

final state in a multi-stage sorption system is:

Cn = Cn−1− (t/(1.60 × 10−2t + 0.0237))(t/(64.034t + 120.15))Ce,t

1 + (t/(64.034t + 120.15))Ce,t

(24)

The total amount of Pb2+ adsorbed onto PVA-modified Kaolinite
clay adsorbent can be calculated analytically from the equations
below

N∑

n=1

Cn−1 − Cn

=
N∑

n=1

S(t/(1.6 × 10−2t + 0.0237))(t/(64.034t + 120.15))Cn

L[1 + (t/(64.034t + 120.15))Cn]

(25)

where n is the adsorption system number (n = 1, 2, 3, 4, . . ., N). S and
L are the weight adsorbent (g) and volume of adsorbate (L).

The percentage Pb2+ removal, Rn, in each stage can be evaluated
from the equation below.

Rn = 100(Cn−1 − Cn)
Co

= S(t/(1.60 × 10 − 2t + 0.0237))(t/(64.034t + 120.15))Cn

L
[

1 + (t/(64.034t + 120.15))Cn

]

(26)

The total metal ion adsorbed can be determined analytically from
the following equation

N∑

n=1

Rn = 100S

LCo

N∑

n=1

(t/(1.60 × 10−2t + 0.0237))(t/(64.034t + 120.15))Cn

[1 + (t/(64.034t + 120.15))Cn]
(27)

Let us consider a two-stage sorption system where 2 kg of PVA-
modified Kaolinite clay is used to treat 2.5 m3 of wastewater
containing 300 mg/L of Pb2+. Figs. 2 and 4 show the reaction time
for a set of 15 two-stage sorption systems in series for each individ-
ual stage and for the combined total of the two-stages. Each of the
15 systems representing the x-axes in Figs. 2 and 4 was based on a
2 min contact time interval in the first adsorber starting with sys-
tem 1 at 2 min. A series of contact times from 2 min up to 30 min in

a 2 min increment has been considered in stage one of a two-stage
sorption system for the sorption of Pb2+. In the first adsorber, for
example, system number 10 implies that the first adsorber contact
time is 2 min + (10 − 1)2 min = 20 min since system number 1 rep-
resents 2 min contact time in adsorber number 1. Thus, the contact
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Fig. 3. Minimum contact time for the various percentages of Pb2+ removal in a two-
stage adsorption process using TDLM.

T
A

S

1

ig. 2. Minimum contact time for the various percentage Pb2+ removal in a two-stage
dsorption process using PSOM.

ime in the second adsorber, t2, is the time required, T (min), to
chieve a fixed total percentage of Pb2+ removal minus the contact
ime in the first adsorber stage t1, therefore:

= t1 + t2

or N systems, t1, becomes

1 = 2 + (N − 1)2 . . . min

he total batch contact time, T, is

= 2 + (N − 1)2 + t2
The total contact time for each system number is calculated
ased on the fixed t1 values for a particular percentage removal
f the metal ion. The plots of T vs system number are shown in
igs. 3 and 5. Tables 2 and 3 shows a series of sorption system
= 1–15 and the contact times for each stage at a particular per-

entage removal. Figs. 2 and 3 shows the minimum contact time
or the various percentages of Pb2+ adsorbed onto PVA-modified
aolinite clay adsorbent. The minimum total contact time for the

Fig. 4. Comparison of 95% Pb2+ ion adsorption time by PVA-modified Kaolinite clay
for each stage in a two-stage batch adsorption process using PSOM.

able 3
dsorption times (min) for the adsorption of various percentage removal of Pb2+ for a series of two-stage batch adsorption systems using TDLM.

ystem no. Stage 1 Stage 2

Contact time 95% Removal time (min) 90% Removal time (min) 85% Removal time (min) 80% Removal time (min)

1 2 30.6 29.0 27.4 25.8
2 4 22.7 21.5 20.3 19.1
3 6 20.2 19.1 18.1 17.0
4 8 19.0 18.0 17.0 16.0
5 10 18.3 17.3 16.4 15.4
6 12 17.8 16.9 16.0 15.0
7 14 17.5 16.7 15.7 14.7
8 16 17.3 16.3 15.4 14.5
9 18 17.1 16.2 15.3 14.4

10 20 16.9 16.0 15.1 14.2
11 22 16.8 15.9 15.0 14.1
2 24 16.7 15.8 14.9 14.1

13 26 16.6 15.7 14.9 14.0
14 28 16.5 15.7 14.8 13.9
15 30 16.5 15.6 14.7 13.9
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Table 4
Minimum adsorption times (min) to achieve various percentage of Pb2+ removals
for a series of two-stage adsorption system using PVA-modified Kaolinite clay.

%Removal System no. Stage 1 (min) Stage 2 (min) Total (min)

PSOM
95 3 6 24.2 30.2
90 3 6 22.1 28.1
85 3 6 21.6 27.6
80 3 6 20.4 26.4

TDLM
95 3 6 20.2 26.2
90 3 6 19.1 25.1
8
8
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Table 6
F-test table for TDLM and PSOM data.

F-test

95% Removal 90% Removal 80% Removal

TDLM PSOM TDLM PSOM TDLM PSOM

Mean 34.70 38.28 33.71 37.10 31.74 34.76
Variance 45.18 41.34 46.33 42.50 48.85 45.11
Observations 15 15 15 15 15 15
df 14 14 14 14 14 14
F-test 1.09 – 1.09 – 1.08 –

T
t

M
V
O
P
H
D
t
P
t
P
t
r

5 3 6 18.1 24.1
0 3 6 17.0 23.0

arious percentages of Pb2+ removals in the two-stage crosscurrent
atch sorption process is calculated using Eqs. (18) and (27).

The various minimum total contact times for a two-stage cross-
urrent batch adsorption of Pb2+ onto PVA-modified Kaolinite clay
dsorbent are shown in Table 4 for both PSOM and TDLM. The min-
mum contact time for 95% Pb2+ removal is 30.2 min for PSOM and
6.2 min for TDLM for same system number.

It was observed for both models that increasing percent-
ge removal of Pb2+ required increasing minimum contact time
Table 4). The time required to treat effluent in the second-stage
ecreased with increasing first-stage contact time. The system
umbers for each percentage removal were all the same for both
odels. This might suggest that the reaction reaches equilibrium

t approximately the same time for any percentage removal of Pb2+

ith either model. However, for all our sorption reaction in the one-
tage sorption process of Pb2+, using PVA-modified Kaolinite clay,
quilibrium was observed to set in from 70th minute of sorption
o achieve 59% removal of Pb2+ from 300 mg/L of Pb2+. This may
uggests that sorption by a two-stage process leads to improved
ontact time and increased percentage metal ion removal which is
f benefit to the industry in their clean-up of metals from waste
treams.

When the data for the two models were compared, it was
bserved that they showed very high correlation values within
ange of 0.9962–0.9978 (Table 5). Data showed that increasing per-
entage removal increased correlation values.

A very good way of testing the validity of a new or existing model
s by comparing them with those obtained by using a second or

erhaps a reference model. The null hypothesis that the two models
ive the same results is

0. �1 = �2,

able 5
-Test table for TDLM and PSOM data.

t-Test

95% Removal

TDLM PSOM

ean 34.70 38.28
ariance 45.18 41.34
bservations 15 15
ooled variance 43.26 –
ypothesized mean difference 0 –
egree of freedom 28 –
= stat −1.49 –
(T ≤ t) one tail 0.07 –
Critical one tail 1.70 –
(T ≤ t) two tail 0.15 –
critical two tail 2.05 –

2 0.9962 –
P(F ≤ f) one tail 0.44 – 0.44 – 0.44 –
F-Critical one tail 2.48 – 2.48 – 2.48 –

Hence, we need to test whether the difference between the
means of data from both models differs significantly from zero.
Since an unequal variance was assumed, a pooled estimate of the
standard deviation was calculated from the two individual standard
deviations of the data from both models. The output of the t-test
analysis for 95%, 90% and 80% removal using Microsoft excel 2007®

is given in Table 5.
Since the assumption of an increase or a decrease in the vari-

ances is not necessary, the two-tailed t-test was adopted. For all
three different percentage removals, the calculated experimental
value of |t| (absolute value of the statistical t regardless of the sign)
is less than the critical values; hence the null hypothesis is retained.
This shows that [P(|t| > t) = 0.15 at 90% removal; 0.17 at 90% removal
and 0.24 at 80% removal)] whose probabilities are greater than
0.05,which indicates that the result is not significant at the 5% level.
The TDLM is as good as the PSOM.

The F-test was used for further comparison by comparing the
standard deviations of the two models with the use of the data
analysis options of the Microsoft Excel 2007 add-Ins. The F-test may
be used to decide the precision of two models and the difference in
the precision of the two models.

The F-test in this study was used to determine whether the TDLM
differ significantly from the PSOM. Considering the null hypothesis
that the two sample variances are equal using one-tailed F-test, F
was calculated and were observed to be greater than or equal to one.
Differences from one can occur because of random variations. The
output of the F-test is shown in Table 6 representing values for 95%,
90% and 80% removal. Since the calculated F-values are close to one,
then the null hypothesis is true—there is no significant difference

between the models. Moreover, it follows that since the calculated
F-values are lower than the critical F-values at 5% probability levels,
the null hypothesis is retained. The two models are equally very
good for the optimization of minimum contact time in the design

90% Removal 80% Removal

TDLM PSOM TDLM PSOM

33.71 37.10 31.74 34.76
46.33 42.50 48.85 45.11
15 15 15 15
44.41 – 46.98 –

0 – 0 –
28 – 28 –
−1.49 – −1.20 –

0.07 – 0.12 –
1.70 – 1.70 –
0.15 – 0.24 –
2.05 – 2.05 –
0.9962 – 0.9978 –
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[12] M. Özacar, I.A. Sengil, A two stage batch adsorber design for methy-
ig. 5. Comparison of 95% Pb2+ ion adsorption time by PVA-modified Kaolinite clay
or each stage in a two-stage adsorption process using TDLM.

f adsorber for the adsorption of Pb2+ from aqueous solution using
VA-modified Kaolinite clay adsorbent.

.2.3. Mechanism of adsorption
One of the modes of adsorption of metal ions onto the surface

f the adsorbent is:

2+ + 2( SOH) ↔ (SO)2M + 2H+ (28)

here S is used to represent the surface of adsorbent.
To support the above equation there was an observed drop in pH

f equilibrium solutions of Pb2+ from 5.50 to between 3.87 and 3.98
or both adsorbents during the adsorption process which has also
een observed by Singh et al. [13]. Eq. (28) was further confirmed

rom the Infra-red spectrograph which suggests that the main func-
ional group present on the PVA-modified Kaolinite clay adsorbent
s the OH group [10].

On the PVA-modified Kaolinite clay adsorbent, the active sites
re perhaps weakly acidic in nature. Thus, with increasing pH,
hey are gradually deprotonated making available, more and more
ites for metal ion uptake. In acidic medium, the adsorbent surface
cquires a net positive charge as follows:

SO− + H OH
H+
−→S OH2

+ + OH− (29)

his surface reduces the adsorption capacities of the adsorbent
or the metal ion at low pH. As pH increases towards the alkaline
egion, the adsorbent surface becomes negatively charged favoring
he uptake of the metal ions by the adsorbents:
SOH + OH− � SO− + H2O (30)

SO− + M2+ � S O M+ (31)

SO− + MNO3
+ � S O MNO3 (32)

[

us Materials 171 (2009) 215–221 221

where “S” represents the adsorbent’s surface and “M” represent a
metal.

Our findings from modeling equilibrium data obtained in our
previous study [10] suggest that the Diffuse Layer Model (DLM)
supports the adsorption of Pb2+ onto PVA-modified Kaolinite clay
adsorbent.

4. Conclusion

Optimization models developed for the sorption of Pb2+ from
aqueous solution in a two-stage adsorber system suggests that both
contact time and efficiency of adsorbent were improved by two-
stage sorption onto PVA-modified Kaolinite clay. The use of PSOM
and TDLM for optimization of both kinetic and equilibrium data
gave results with good agreement. When data from both models
were subjected to t-test and F-test they were observed not to be
significantly different. Both models were observed to be precise
enough for use in the optimization of kinetic data for a two-stage
sorption of Pb2+ from aqueous solution.
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