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ABSTRACT

The sorption of lead ions from aqueous solution onto peat has
been studied. The kinetics of sorption of lead ion are described by
a pseudo-second-order model modified with a new parameter, t0,
included to account for an initial resistance due to the film bound-
ary layer. Analysis of this model has been carried out at various
experimental conditions to study the effect of initial lead ion con-
centration, peat particle size, solution temperature, and agitation
speed in an agitated batch system. The pseudo-second-order rate
constant, initial sorption rate, and sorption capacity, together with
time constant, t0, also have been determined and correlated as a
function of the system variables.
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INTRODUCTION

The health hazards due to the presence of lead in water are of extreme concern
to the public, government and industry. Lead is known to have a toxic effect on
the neuronal system (1) and on the function of brain cells (2). The health hazards
due to the toxicity of lead in waters have been reported in many journals (3,4) and
emphasize the need to identify effective lead sorption systems.

Numerous kinetic models have been investigated for the sorption of con-
taminants from wastewater by sorbent materials. The mechanism of sorption often
involves the chemical reaction between functional groups on the sorbent and the
metal ions, thus forming metal–organic complexes or a cation exchange reaction,
due to the high cation exchange capacity of the sorbent. In addition, other mech-
anisms may be involved as well as mass-transport processes, such as transport in
the bulk of the liquid phase, diffusion across the liquid film surrounding the solid
particles, and diffusion in macropores or micropores. Sorption kinetics have been
extensively studied, and it has been commonly observed that the sorption rate is
very rapid at the beginning of the process, then the rate becomes slower as equi-
librium is approached. Such kinetics are often described by a first-order kinetic
reaction (5–10).

A limited number of studies have looked at the sorption of lead(II) on peanut
hull (11), on bottom ash (12), and waste biogas residual (13).

The sorption of metal ions from aqueous solution plays an important role in
water pollution control, and in recent years there has been considerable interest in
the use of low-cost sorbents such as peat for this purpose. Batch metal removal
by sphagnum moss peat has been studied by workers such as Rock et al. (14),
Sharma and Forster (15) and Ho et al. (16). Column studies using moss peat for
the removal of heavy metals from industrial and municipal leachates (17) as well
as from wastewaters (18) have also been investigated.

Several groups of workers have described the reaction order of sorption in
metal–peat systems using various kinetic models. Traditionally, the kinetics have
been described by the first-order equation typical of that derived by Lagergren
(19). However, Gosset et al. (20), Sharma and Forster (15), Low and Lee (21), as
well as Ho et al. (22) have used a second-order equation to describe metal–peat
sorption and Tien and Huang (23) have presented a second-order expression for
metal sorption onto sludge solids.

The sorption of lead ions onto peat has been studied in this paper, and the
effects of peat particle size, initial lead ion concentration, solution temperature, and
agitation speed have been investigated. A modified pseudo-second-order model
has been developed and used to analyze the data for the sorption of lead ions
onto peat. The degree of correlation of this new model has been compared with
the correlation coefficients of other lead–peat sorption models reported in the
literature.
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THEORETICAL

Peat contains polar functional groups such as aldehydes, ketones, acids,
and phenolics.These groups can be involved in chemical bonding and are respon-
sible for the cation exchange capacity of the peat. Exchange sorption between
the hydrogen ions of peat and copper has been proposed by Coleman et al. (24)
The peat–copper reaction may be represented in two ways (24) as shown in
Equations (1) and (2). It is possible that divalent lead ion sorption onto peat may
follow a similar mechanism:

2P− + Pb2+ ⇔ PbP2 (1)

and

2HP + Pb2+ ⇔ PbP2 + 2H+ (2)

where P− and HP are polar sites on the peat surface.
In an attempt to present the equation representing sorption of divalent metals

onto sphagnum moss peat in agitated batch sorbers, it has been assumed that the
process may be pseudo-second-order and the rate-limiting step may be chemisorp-
tion. The mechanism may involve valency forces by sharing or through the ex-
change of electrons between sorbent and sorbate as covalent forces.

The rate expression for the sorption described by Equations (1) and (2) is:

d(P)t

dt
= k2[(P)0 − (P)t ]

2 (3)

or
d(HP)t

dt
= k2[(HP)0 − (HP)t ]

2 (4)

where (P)t and (HP)t are the number of active sites occupied on the peat at time
t , and (P)0 and (HP)0 are the number of equilibrium sites available on the peat.

The kinetic rate equations can therefore be rewritten as follows:

dqt

dt
= k2(qe − qt )

2 (5)

Where

k2 is the pseudo-second-order rate constant of sorption, (g/mgmin),
qe is the amount of divalent metal ion sorbed at equilibrium, (mg/g),
qt is amount of divalent metal ion on the surface of the sorbent at any time,

t , (mg/g).

Separating the variables in Equation (5) gives:

dqt

(qe − qt )2
= k2 dt (6)
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integrating this for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt ,
gives:

1

(qe − qt )
= 1

qe
+ k2t (7)

which is the integrated rate law for a pseudo-second-order reaction. Equation (7)
can be rearranged to obtain:

qt = t
1

k2qe
2 + t

qe

(8)

which has a linear form:
t

qt
= 1

k2q2
e

+ 1

qe
t (9)

This form of normalized plot has been used by several workers studying equilib-
rium processes (25–28).

The initial sorption rate, h, as t → 0 is defined as:

h = k2q2
e (10)

The initial sorption rate, h, the equilibrium sorption capacity, qe, and the pseudo-
second-order rate constant, k2, can be determined experimentally from the slope
and intercept of a plot of t/qt against t .

However, in order to fit the pseudo-second-order equation to experimental
data, the equilibrium sorption capacity, qe, is required, and this can be obtained
from the isotherm (29) or the slope of plot of t/qt against t . Ritchie (30) developed
a differential nth order equation, which can also be solved to derive Equation (8).

MATERIALS AND METHODS

The experiments were conducted with sphagnum peat obtained from
Germany. The peat as supplied was dried at a temperature of 105 ± 5◦C for
24 hours and then screened to obtain constant particle size range fractions of
150–250, 250–355, 355–500 and 500–710 microns. The peat was a sphagnum
moss peat and an element analysis was carried out; the results, on a dry basis, are
carbon, 57.2%; hydrogen, 5.7%; oxygen, 36.0%; and nitrogen, 0.7%.

The lead nitrate used in the experiments was supplied by Aldrich Chemi-
cals (St. Louis, MO). Stock solutions of lead nitrate (analytical grade Pb(NO3)2)
(3.26 g/dm3) were prepared in distilled water.

A standard set of experimental conditions is described in this section. To
study an experimental “variable” all parameters were set at the values specified in
this section except the experimental variable. The ranges of variables are presented
in Table 1.
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Table 1. Experimental Variables

Variable Parameter Value

Initial lead concentration C0 (mg/dm3) 101, 209, 309, 410, 504
Solution temperature T (◦K) 279, 288, 298, 308, 318
Particle size (mean) dp (microns) 200, 300.25, 425.25, 605
Agitation speed S (r.p.m.) 280, 350, 390, 430, 470, 510

RESULTS AND DISCUSSION

General

The main objective of this research is to develop a kinetic model that de-
scribes the sorption mechanism of lead ions onto peat and provides a high corre-
lation factor to the experimental data. Due to the complex chemical structure of
peat (31,32), the specification of an exact mechanism is likely to be very difficult.
Therefore, the few solution models proposed adopt a fairly global approach to the
mechanism of metal ion sorption on peat based on simplifying assumptions. One of
the first main selection criteria is whether to apply a kinetic or diffusion-controlled
model. Because the sorption of metal ions onto peat is complete within three or
four hours, analysis of contact time data requires a different approach from the
method used for long-time diffusional controlled processes, which take several
days to reach equilibrium. The uptake of metal ion onto peat has been studied (33)
for the initial 30-minute period of the sorption process. Gosset et al. (20) devel-
oped a kinetic model for the sorption of copper, zinc, cadmium, and nickel on peat,
but a very restricted range of parameters was used. In particular, extensive studies
by Bunzl et al. (34–35) on the adsorption and desorption of metal ions onto peat
suggested that the cations participate in an ion exchange with protons from the
humic acids. Bunzl carried out interruption tests and concluded that film diffusion
was the rate-limiting step. Therefore, there are only a limited number of detailed
kinetic analyses reported in the literature for the sorption of metal ions onto peat
under carefully controlled experimental conditions for the entire sorption period.

In a previous paper (36), two pseudo-first-order models (Lagergren pseudo-
first-order model, LPFOM and the Modified Lagergren pseudo-first-order model,
MLPFOM) were developed and used to describe the peat–lead ions’ contact time
date. The models had only very limited success.

The results of this analysis give only limited success (36). The experimental
data could only be correlated for the initial 20 minutes of the sorption process
although all the linear correlation coefficients, r2, were >0.991. However, when
the theoretical qe values were compared with the equilibrium qe values very poor
correlation was obtained and differences of up to 25% were observed in the values.
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The present paper will develop two pseudo-second-order models, namely,
the pseudo-second-order model, PSOM and the modified-pseudo second-order
model, MPSOM, and compare these results with the modified pseudo-second-
order model r2 results. The PSOM kinetic equation was developed in the theory
section and the modification, MPSOM, will be developed in the next section. Each
of the four system variables will be compared and discussed in turn.

Effect of Particle Size

A series of experiments were performed using peat particle size range of
150–250, 250–355, 355–500, and 500–710 µm with the initial lead(II) concen-
tration of 300 mg/dm3 and an agitation speed of 400 rpm. Figure 1 shows an
increase in the rate of lead(II) uptake as the mean diameter of the peat decreases.
The pseudo-second-order model can describe the whole range of sorption reaction
time because there is high correlation coefficient. For the early sorption phase

Figure 1. Plot of amount of lead sorbed versus time at various particle sizes.
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comprising the first 20 minutes of the total reaction time of 4 h, there is a small
error between the experimental data and model. Therefore a time constant, t0,
has been considered and can be defined as an imaginary negative time at which
the rate of sorption is infinity (37). Other possibilities to explain t0 is that some
time is required to wet the adsorbent before sorption can commence uniformly
through the liquid–solid interface or there is a boundary layer resistance to the
chemisorption of lead ions on the peat surface and this imposes itself as an initial
time resistance to the reaction process. After the first few minutes of the sorption
process in well-agitated systems, this initial film resistance will become negligible
as described in the analysis of diffusional mass transport mechanisms (38–43).
A modified pseudo-second-order model can thus be obtained by incorporating t0
into the second-order equation as follows:

qt = t + t0
1

k ′
2qe

2 + t+t0
qe

(11)

which has a linear form:
t + t0

qt
= 1

k ′
2qe

2 + 1

qe
(t + t0) (12)

An alternative kinetic equation, which also incorporates a time constant,
is the Elovich developed for the heterogeneous sorption of gases on solids (44)
and applied to a limited number of soil sorption/desorption systems (29,37,45,46).
More recently the model has been successfully applied to the sorption of pollutants
from aqueous solutions onto a number of sorbents (36,47). This model is not
analyzed in the present work due to the fact there are three dependent constants,
whereas in Equation (11) there are only two dependent constants, namely, k ′

2 and
t0. The equilibrium capacity, qe, can be obtained from the equilibrium isotherm or
independently from the equilibrium isotherm and the slope of the system operating
line.

Figure 1 illustrates the comparison between the pseudo-second-order model,
Equation (5), the modified model described by Equation (11), and the experimental
data. Figure 2 also shows the comparison between the pseudo-second-order model,
in linear form as Equation (9), the modified model in a linear form as Equation
(12), and the experimental data. From the contact time results the pseudo-second-
order rate constant, k ′

2, initial sorption rate, h, and sorption capacity, qe, together
with time constant, t0, and the correlation coefficients, r2, are obtained from the
slope and intercept of Equation (12) and are shown in Table 2. The influence of
error obtained in the first 20 minutes increases with increasing mean diameter of
the peat but not for the particle size less than 355 µm. The influence of particle
size on sorption capacity, qe, is very slight.

The variation in t0 implies that wetting of the peat and/or the fluid film
resistance varies with peat particle size. Both are possible, the larger the particle
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Figure 2. Comparison pseudo-second-order model and modified model at various particle
sizes.

the longer the wetting time. The last three points show this trend. The particle
momentum and buoyancy in the fluid will change with particle size and influence
the film boundary layer with opposite trends possibly explaining the variation in
the four sets of data.

The corresponding linear plots of the values of k ′
2 and h against peat particle

size, dp, were regressed to obtain expressions for these values in terms of the peat
particle size with high correlation coefficients of 0.986 and 0.985, respectively.

Table 2. Kinetic Parameters for the Sorption of Lead(II) on Peat at Various
Peat Particle Sizes

dp qe k ′
2 h t0

(µm) (mg/g) (g/mg min) (mg/g min) r 2 (min)

200 79.6 1.47 × 10−2 93.3 1.000 1.00
305 79.8 9.40 × 10−3 59.8 1.000 0.036
428 80.2 3.38 × 10−3 21.8 1.000 0.203
605 81.2 1.47 × 10−3 9.69 1.000 1.63
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Table 3. Correlation Coefficient for Effect of Particle Size on the Four Models

Model r 2 Values

Variable dp (micron) LPFOM MLPFOM PSOM MPSOM

150–250 0.997 0.990 1.000 1.000
250–355 0.995 1.000 1.000 1.000
355–500 0.998 0.997 1.000 1.000
500–710 0.998 0.999 1.000 1.000

Therefore it is further considered that k ′
2 and h can be expressed as a function of

dp as follows:

k ′
2 = 4.92 × 10−2

exp(5.89 × 103dp)
(13)

h = 3.50 × 102

exp(5.80 × 103dp)
(14)

Table 3 compares the correlation coefficients for the four models. The data for
models LPFOM and MLPOM were determined previously (36) and were valid
for 0–20 minutes (LPFOM) and 20–90 minutes (MLPFOM). The second-order
model, PSOM, correlates the experimental data perfectly for 10–240 minutes,
whereas model MPSOM is valid for 0–240 minutes.

Effect of Initial Concentration

The experimental results demonstrating the effect of initial lead(II) concen-
tration with time is shown in Figures 3 and 4 for the sorption of lead(II) on peat
with modified pseudo-second order model. When the initial lead(II) concentra-
tion is 101 mg/dm3, saturation was obtained in less than 15 minutes and in the
case of 209 mg/dm3, saturation occurred in less than 120 minutes. The linearity
of the plots of the modified pseudo-second-order model indicates that chemical
reaction is the main rate-controlling step throughout most of the sorption pro-
cess. Table 4 shows the influence of the time constant, t0, obtained in the first
20 minutes, which increased with the increasing initial lead(II) concentration. A
plot of lead(II) initial concentration versus t0 is shown in Figure 5. A mass of 6.8 g
peat (500–710 µm) has been used for all studies. A linear empirical correlation can
be determined to describe the relationship between t0 and C0 in the following form:

t0 = aC0 + b (15)

where a and b are constants.
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Figure 3. Plot of sorbed amount versus time for lead at various initial concentrations.

Substituting the numerical values from Figure 5 gives:

t0 = 0.0145C0 − 1.599 (16)

and the correlation coefficient, r2 = 0.915.
However the equilibrium sorption capacity changes with initial lead(II) con-

centrations. This effect can be confirmed quantitatively by plotting the operating
lines for the five initial lead(II) concentration tests on the lead equilibrium isotherm.
Figure 6 shows the experimental equilibrium data points and the best fit Langmuir
isotherm representing the experimental data. The five operating lines are shown
on the Figure 6 demonstrating the different qe values.

The t0 values increase with increasing C0 and a higher C0 produces a higher
driving force across the film, which should result in a more rapid change to kinetic
control; however, a higher limiting qe (at the surface) is required as C0 increases,
and this is the main factor controlling kinetics. This takes a longer time to stabilize.

Table 5 shows the correlation coefficients for the four models. The LPFOM
and MLPFOM are subject to the same time constraints as the dp results. The effect
of C0 is only perfectly modeled by the MPSOM.
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Figure 4. Modified pseudo-second-order sorption kinetics of lead(II) onto peat at various
initial concentrations.

Effect of Temperature

Increasing the temperature is known to increase the rate at which chemisorp-
tion and diffusion processes occur. A series of experiments was undertaken at tem-
peratures of 6, 15, 25, 35, and 45◦C. Figure 7 shows plots of qt against time for

Table 4. Kinetic Parameters for the Sorption of Lead(II) on Peat at
Various Initial Lead(II) Concentrations

C0 qe k ′
2 h t0

(mg/dm3) (mg/g) (g/mg min) (mg/g min) r 2 (min)

101 26.5 7.27 × 10−2 51.2 1.000 0.458
209 53.5 8.71 × 10−3 24.9 1.000 0.684
309 77.8 1.90 × 10−3 11.5 1.000 2.39
410 101 6.58 × 10−4 6.73 1.000 5.19
504 110 4.78 × 10−4 5.77 1.000 5.48
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Figure 5. The relationship between initial concentration and t0.

the modified pseudo-second-order model for the sorption of lead(II) on peat. The
kinetic parameters are shown in Table 6 together with time constant t0. The initial
sorption rate, h, increases from 4.50 to 33.3 mg/gmin, and the rate constant, k ′

2,
increases from 7.27 × 10−4 to 5.60 × 10−3 g/mgmin with the increase of solution
temperature from 279 to 318◦K. However the influence of solution temperature
on sorption capacity, qe, is very slight. The results show a decrease in t0 as the
temperature is increased. Figure 8 shows a plot of ln(k ′

2 ) against 1/T is linear,
and the activation energy of the process has been determined as 37.7 kJ/mol using
an Arrhenius equation of the type:

k ′
2 = 1.002 exp

−37700
RT (17)

where A and E are the Arrhenius constant and activation energy of sorption
(kJ/mol), respectively. Physisorption processes usually have energies in the range
of 5–20 kJ/mol, the value of 37.7 kJ/mol in the present studies indicates a chemical
sorption process.

The decrease in t0 is almost certainly due to the decrease in water viscosity
and slightly due to a decrease in water density with increasing temperature. Both
these phenomena will lower the film resistance round the particle.

Table 7 gives the four model correlation coefficients. Model (ii) is in good
agreement with experimental data for the 20–90 minute period, except for the first
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Figure 6. Langmuir isotherm for the sorption of lead of initial lead concentration.

data point. However, the t0 value for this point is 33.4 minutes, well outside the
∼=20 minutes t0 values for the other four temperature systems. The model PSOM
again correlates all five sets of experimental temperature data perfectly with the
PSOM model correlating four out of the five systems perfectly.

Table 5. Correlation Coefficient for Effect of Initial Concentration on the Four Models

Model r 2 Values
Variable C0

(mg/dm3) LPFOM MLPFOM PSOM MPSOM

101 0.997 0.999 1.000 1.000
209 0.992 0.999 1.000 1.000
309 0.994 1.000 1.000 1.000
410 0.999 0.999 0.999 1.000
504 0.998 0.999 0.998 1.000
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Figure 7. Plot of amount of lead versus time at various temperatures.

Effect of Agitation

The effect of varying the agitation speed is shown in Figure 9 for the sorption
of lead(II) onto peat for the modified pseudo-second-order model. The theoretical
curves give a good prediction of experimental results. The corresponding linear
plots of the values of k ′

2 and h against agitation speed, S, were regressed to obtain
expressions for these values in terms of the agitation speed with high correlation
coefficients of 0.996 and 0.997, respectively. It is possible to correlate k ′

2 and h as

Table 6. Kinetic Parameters for the Sorption of Lead(II) on Peat at
Various Solution Temperatures

T qe k ′
2 h t0

(◦K) (mg/g) (g/mg min) (mg/g min) r 2 (min)

279 78.7 7.27 × 10−4 4.50 1.000 4.02
288 78.6 1.07 × 10−3 6.62 1.000 2.72
298 78.8 1.52 × 10−3 9.47 1.000 1.96
308 77.9 2.78 × 10−3 16.9 1.000 0.762
318 77.1 5.60 × 10−3 33.3 1.000 5.00 × 10−3
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Figure 8. The relationship between temperature and t0.

a function of S as follows:

k ′
2 = 1

1.44 × 103 − 2.11S
(18)

h = 1

0.218 − 3.12 × 10−4S
(19)

Table 7. Correlation Coefficient for Effect of Temperature on the Four Models

C Model r 2 Values

Variable T (◦K) LPFOM MLPFOM PSOM MPSOM

279 0.999 0.991 0.999 1.000
288 0.997 1.000 1.000 1.000
298 0.997 0.998 1.000 1.000
308 0.999 1.000 1.000 1.000
318 0.997 1.000 1.000 1.000
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Figure 9. Plot of sorbed amount versus time for lead at various agitation speeds.

However, the influence of agitation speed on sorption capacity, qe, is small.
Figure 10 shows a plot of agitation speed against t0, and the values of k ′

2 and t0 are
shown in Table 8.

At low agitation, the peat particles are not completely mixed and the t0
value is approximately constant until 390 rpm because there is no influence on
the boundary film. At 390 rpm the peat particles are fully suspended and com-
pletely mixed. From 390 rpm to 470 rpm, increasing agitation increases the shear
force on the boundary film and decreases the boundary layer of fluid surround-
ing the suspended particle. At 470 rpm and above the t0 are becoming fairly
constant, indicating that a limiting thickness of the boundary layer fluid film
surrounding the particle is being approached at t0 = 1.03 ± 0.03. However, the
influence of increasing agitation on the boundary layer, resistance is still effec-
tive, as can be seen from the changing k ′

2 values with 5 rpm in Table 8. The
correlation coefficients, r2, for the four models are shown in Table 9. None of the
LPFOM systems are correlated perfectly, and only half the MLPFOM systems
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Figure 10. The relationship between agitation speed and t0.

have a correlation coefficient at 1.000. A similar trend is observed with Model
(iii), PSOM, as only two sets of data are fully correlated. Consequently, only the
MPSOM provides a really satisfactory correlation of the experimental data, thus
confirming a second-order chemisorption mechanism with some initial boundary
layer film resistance as the most appropriate description of the sorption of lead(II)
ions onto peat.

Table 8. Kinetic Parameters for the Sorption of Lead(II) on Peat
at Various Agitation Speeds

S qe k ′
2 h t0

(rpm) (mg/g) (g/mg min) (mg/g min) r 2 (min)

280 80.8 1.16 × 10−3 7.57 1.000 1.80
350 80.3 1.43 × 10−3 9.24 1.000 1.90
390 79.3 1.67 × 10−3 10.5 1.000 1.88
430 79.0 1.86 × 10−3 11.6 1.000 1.51
470 78.9 2.20 × 10−3 13.7 1.000 1.01
510 79.4 2.71 × 10−3 17.1 1.000 1.05
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Table 9. Correlation Coefficient for Effect of Variable Agitation
on the Four Models

Model r 2 Values
Variable S
(r.p.m) LPFOM∗ MLPFOM∗∗ PSOM MPSOM

280 0.998 0.999 0.999 1.000
350 0.998 1.000 0.999 1.000
390 0.997 0.999 1.000 1.000
430 0.997 1.000 1.000 1.000
470 0.999 1.000 0.999 1.000
510 0.998 0.996 0.998 1.000

∗ Valid for initial 20 minutes only36

∗∗ Valid for 20–90 minute sorption period only36

Correlation of Pseudo-Second-Order Rate Constant

A general correlation for the second-order rate constant, k ′
2, for the best fit

model namely, the MPSOM, has been developed as shown in Equation (20):

k ′
2 = 3.42T 0.93S1.4

C3.2
0 d2.1

p

(20)

The correlation coefficient for Equation (20) is 0.903. Therefore, k ′
2 can be pre-

dicted for any set of process system variables.

CONCLUSION

The kinetics of sorption of lead ions onto peat have been studied on the basis
of a modified pseudo-second-order rate model (MOPM). A number of conclusions
can be made:

� The equilibrium sorption capacity is affected by the initial lead(II) con-
centration, particle size, and solution temperature. These phenomena sug-
gest that the process of sorption of lead(II) on peat includes chemisorp-
tion. However, a simple Lagergren first-order model (LPFOM) and a
pseudo-second-order model (PSOM) were not sufficient to correlate the
experimental data particularly after the initial 30 minutes.

� Therefore, it was necessary to consider an additional contributing factor
or resistance to explain the mechanism:
� The degree of swelling
� The rate of wetting the particle
� Film diffusion may be a factor responsible for t0
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� The degree of swelling was low and took up to 30 minutes to reach
equilibrium (48), and therefore this is probably not responsible for the t0
effect in this work.

� The variation of t0 with agitation speed could be explained by either film
diffusion resistance or the rate of particle wetting or a combination of
both processes. The fact that t0 increases with initial lead concentration
does suggest that the rate of wetting is the responsible cause. The ionic
strength of the solution changes with C0, which is more likely to affect
the rate of bulk liquid wetting of the particle rather than the resistance
of the boundary film. The variation in t0 did not show a definite trend
with dp but it did decrease with both increasing temperature and agitation
speed.

These other trends with both dp and S strongly support a mechanism initially
controlled by the thickness of the fluid boundary layer surrounding the particle,
followed by a second-order sorption kinetic control step. It seems reasonable to
assume that the t0 effect is due, in part, to particle wetting and, in part, to boundary
layer resistance.
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NOMENCLATURE

A Arrhenius constant
C0 initial solution phase metal ion concentration (mg/dm3)
dp peat particle size (µm)
E activation energy of sorption (kJ/mol)
h initial metal ion sorption rate (mg metal/g peat min)
H P− polar sites on the peat surface
(H P)0 number of equilibrium sites (polar) occupied on the peat

at time t
(H P)t number of active sites (polar) occupied on the peat at time t
k1 pseudo-first-order rate constant in LPFOM model (min−1)
k ′

1 pseudo-first-order rate constant in MLPFOM model (min−1)
k2 pseudo-second-order rate constant (g peat/mg metal min)
LPFOM Lagergren pseudo-first-order model
MLPFOM modified Lagergren pseudo-first-order model
MPSOM modified pseudo-second-order model
P− polar sites on the peat surface
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P0 number of equilibrium sites (polar) occupied on the peat
at time t

PSOM pseudo-second-order model
Pt number of active sites occupied on the peat at time t
qe mass of metal ion sorbed at equilibrium (mg metal ion/g peat)
qt mass of metal ion sorbed at time t (mg metal ion/g peat)
r2 statistical correlation coefficient based on least

squares best fit analysis of a straight line correlation
R gas constant (8.314 J/mol K)
S agitation speed (revolutions/minute)
t contact time (min)
t0 contact time at zero (min)
T temperature (K, ◦C)

REFERENCES

1. Freedman, R.; Olson, L.; Hoffer, B.J.; Environ. Health Perspect. 1990,
89, 27.

2. Goldstein, G.W.; Environ. Health Perspect. 1990, 89, 91.
3. Crocetti, A.F.; Mushak, P.F.; Schwartz, J. Environ. Health Perspect. 1990,

89, 109.
4. Aldrich, R.; Wlodarczyk, J.; Hensley, M.J. Med. J. Aust. 1993, 158, 506.
5. Panday, K.K.; Prasad, G.; Singh, V.N. Wat. Res. 1985, 19, 869.
6. Sharma, Y.C.; Prasad, G.; Rupainwar, D.C. Int. J. Environ. Stud. Section B,

Environ. Sci. Technol. 1991, 37, 183.
7. Lee, C.K.; Low, K.S.; Kek, K.L. Bioresour. Technol. 1995, 54, 183.
8. Orumwense, F.F.O. J. Chem. Technol. Biotechnol. 1996, 65, 363.
9. Namasivayam, C.; Muniasamy, N.; Gayatri, K.; Rani M.; Ranganathan, K.

Bioresour. Technol. 1996, 57, 37.
10. Namasivayam, C.; Kadirvelu, K. Chemosphere, 1997, 34, 377.
11. Periasamy, K.; Namasivayam, C. Sep. Sci. Technol. 1995, 30, 2223.
12. Kaur, A.; Malik, A.K.; Verma, N.; Rao, A.L.J. Indian J. Environ. Prot. 1991,

11, 433.
13. Namasivayam, C.; Yamuna, R.T. Bioresour. Technol. 1995, 52, 125.
14. Rock, C.A.; Fiola, J.W.; Greer, T.F.; Woodward, F.E. J. New. England Wat.

Pollut. Contr. Assoc. 1985, 19, 32.
15. Sharma, D.C.; Forster, C.F. Wat. Res. 1993, 27, 1201.
16. Ho, Y.S.; Wase, D.A.J.; Forster, C.F., Trans. IChemE. Part B: Proc. Safety

Environ. Prot. 1994, 17, 185.
17. McLellan, J.K.; Rock, C.A. Wat., Air, Soil Pollut. 1988, 37, 203.
18. Chaney, R.L.; Hundermann, P.T., J. Wat Pollut. Contr. Fed. 1979, 51, 17.



REMOVAL OF LEAD(II) FROM EFFLUENTS 261

19. Lagergren, S. Handlingar, Band 24, 1898, 4, 1.
20. Gosset, T.; Trancart, J.L.; Thevenot, D.R. Wat. Res. 1986, 20, 21.
21. Low, K.S.; Lee, C.K. Calymperes delessertii Besch. Pertanika 1987, 10, 321.
22. Ho, Y.S.; Wase, D.A.J.; Forster, C.F. Wat. Res. 1995, 29, 1327.
23. Tien, C.T.; Huang, C.P. Formation of Surface Complexes Between Heavy

Metals and Sludge Particles. Trace Metals in the Environmental 1. Heavy
Metals in the Environment Vernet, J.P., Ed.; Elsevier: Amsterdam, London,
New York and Tokyo, 1991; 295.

24. Coleman, B.T.; McClung, A.C.; Moor, D.P. Sci. 1956, 123, 330.
25. Furusawa, T.; Smith, J.M. Ind. Eng. Chem. Fundam. 1973, 12, 197.
26. Furusawa, T.; Smith, J.M. AIChE J. 1974, 20, 88.
27. McKay, G.; Allen, S.J. Can. J. Chem. Eng. 1980, 58, 521.
28. McKay, G. J. Chem. Technol. Biotechnol. 1982, 32, 750.
29. Ungarish, M.; Aharoni, C. J. Chem. Soc. Faraday. Trans. 1981, 77, 975.
30. Ritchie, A.G.; J. Chem. Soc. Faraday Trans. 1977, 73, 1650.
31. McKay, G. Use of Adsorbents for the Removal of Pollutants from Wastew-

aters; CRC Press: London, New York, Boca Raton, 1995.
32. McKay, G.; Dev. Chem. Eng. Min. Proc. 1996, 4, 127.
33. Allen, S.; Brown, P.; McKay, G.; Flynn, O. J. Chem. Technol. Biotechnol.

1992, 54, 271.
34. Bunzl, K. J. Soil Sci. 1974, 25, 517.
35. Bunzl, K.; Schmidt, W. Sansoni, B. J. Soil. Sci. 1976, 27, 32.
36. Ho, Y.S.; McKay, G., Trans. IChemE. Part B. Proc. Safety. Env. 1999, 76.
37. Aharoni, C.; Ungarish, M. J. Chem. Soc. Faraday Trans. 1976, 72, 400.
38. McKay, G. J. Chem. Technol. Biotechnol. 1983a, 33A, 196.
39. McKay, G. J. Chem. Technol. Biotechnol. 1983b, 33A, 205.
40. McKay, G.; Blair, H.S.; Gardner, J. J. Appl. Poly. Sci. 1983, 28, 1767.
41. Bell, B.A.; Molof, A.H. Wat. Res. 1975, 9, 857.
42. Dubinin, M.M. Porous Structures and Adsorption Properties of Active Car-

bons in Chemistry and Physics of Carbon. Marcel Dekker, New York, 1967.
43. Medley J.A.; N.W. Andrews, Text. Res. J., 1959, 29, 398.
44. Low, M.J.D. Chem. Rev. 1960, 60, 267.
45. Chien, S.H.; Clayton, W.R. Soil Sci. Soc. Am. J. 1980, 44, 265.
46. Sparks, D.L. Kinetics of Reaction in Pure and Mixed Systems in Soil Phy.

Chem. Sparks, D.L., Ed.; CRC Press: Boca Raton, Florida, 1986; 83
47. Taylor, R.W.; Hassan, K.; Mehadi, A.A.; Shuford, H.W. Comm. Soil Sci.

Plant Anal. 1995, 26, 1761.
48. McKay, G.; Allen, S.J.; McConvey, I.F.; Otterburn, M.S. J. Coll. Interf. Sci.

1981, 80, 323.

Received August 5, 1999
Revised April 2000




