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Abstract

The coal fly ash (CFA) was modified to zeolite X using fusion method with cationic exchange capacity (CEC) of about 140 meq/100 g. The
zeolite was used as an effective sorbent for Cu?*, Cd**, and Pb**. The pseudo-second order kinetic model was appropriate for the description of the
kinetic performance of the sorption. It required a longer time to reach equilibrium for higher initial metal concentration and lower sorbent dose but
all reached equilibrium within 120 min. External mass transfer step seemed to take part as a rate limiting step for the sorption of Pb** at low initial
concentration and high sorbent dose, on the contrary, the process was controlled more significantly by intraparticle diffusion step at high initial
concentration and low sorbent dose. However, Cu?* was found to be generally controlled by intraparticle diffusion step at all concentration range
examined in this work. The sorption of Cd?*, on the other hand was controlled both by external mass transfer and intraparticle diffusion steps at all
range of initial concentration. Langmuir and Dubinin—Radushkevich isotherms were applied to describe equilibrium data. The order of maximum
sorption capacity in a unit of molkg™' was: Pb%>* (2.03)>Cu?" (1.43)>Cd*" (0.870). The sorption energy fell in the range of physic-sorption.
Equilibrium sorption capacity and removal percentage were governed by both initial concentration and sorbent dose. A general mathematical
model was developed for describing the sorption under the variations in initial metal concentration and zeolite doses. This model was proven to be

reasonably accurate with additional sets of experiments.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The combustion of coal in the power plant generally creates
a large quantity of fly ash (or coal fly ash, CFA) as a by-product.
Several alternatives are proposed and implemented for the treat-
ment of CFA, such as the use as cement supplement. This is
because CFA possesses pozzolanic property [1]. In cases where
there are no feasible economical options, they are mostly land-
filled. CFA could also be used in the neutralization of acid mine
drainage as reported by Somerset et al. [2]. Conversion CFA to
zeolite is one of the potential alternatives for handling of the CFA
as it is often constituted of high contents of silica and alumina
which are the basic foundation in the formation of zeolite. Previ-
ous reports demonstrated the success in the conversion of CFA
to zeolite. For instance, Faujasite and zeolite P were reported to
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be synthesized from the reaction between CFA and NaOH [3],
whereas phillipsite and hibschite were found to occur from the
reaction between lignite CFA and calcium hydroxide [4]. Zeo-
lites are widely used in several applications such as catalysts
for hydrogenation, alkylation, and isomerization, and sorbents
for the removal of contaminants, e.g. heavy metals, toxic gas,
dyes, and organic pollutants such as benzene and alcohol. Gen-
erally, there are two major methods in the synthesis of zeolite
from CFA: hydrothermal and fusion methods, where the fusion
method was reported to provide higher cation exchange capac-
ity (CEC) than the hydrothermal at the same conditions, and
therefore was considered more suitable for the adsorption of the
cationic metal species [5].

For sorption applications, zeolites were often reported to
exhibit high sorption capacity, sorption affinity, and cation
exchange capacity for divalent sorbates. Lee et al. [6] reported
that the synthesized zeolites from CFA had greater adsorp-
tion capabilities for Pb* than the original fly ash (6-7 times)
and natural zeolites (3—5 times). Erdem et al. [7] reported that
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natural zeolites hold great potential for the sorption of several
heavy metal cations, e.g. Co>*, Cu**, Zn>* and Mn?*, and this
could be used as alternative for activated carbon.

This work focused on the investigation of the conversion of
CFA to zeolite, and the examination of the sorption charac-
teristics and mechanism of the zeolite product in the removal
of Cu**, Cd** and Pb** from aqueous solution was achieved
through kinetic and equilibrium studies. A general mathemat-
ical model was proposed to describe the relationship between
the initial concentration, sorbent dose and equilibrium sorption
capacity/removal percentage of the metal.

2. Materials and methods
2.1. Preparation and characterization of sorbent

Coal fly ash was collected from the National Power Supply
Co. Ltd., Prachinburi province, Thailand. The CFA was dried at
120 °C for 3 h before being stored in desiccators. This CFA was
converted to zeolite using the fusion method as described in the
work of Molina and Poole [5]. The method started with mixing
CFA with ground NaOH anhydrous pellet at a weight ratio of
about 1:1.75. The homogeneous mixture was then calcined in a
nickel crucible at high temperature (550 °C) for 1 h. The fusion
product was ground and transferred to a 250 mL Erlenmeyer
flask with screw cap which contained 85 mL of deionized water,
and then immerged in a shaker water bath at 30 °C for 24 h. The
mixture was subsequently crystallized in an oven at 90 °C for
2 h. The solid product was separated from the solution using
centrifugation and then washed with DI water until the pH of
solution was down to 10-11 and then dried overnight (about
12h) at 110°C.

Cation exchange capacity of the zeolite product was deter-
mined using Sodium acetate method according to the US-EPA
method 9081 [8]. The product was then analyzed with X-Ray
Diffractometer, SIEMENS (D5000), to investigate the zeolitic
phase using Cu Ka radiation (A =0.154056 nm), with Ni fil-
ter. The X-Ray Fluoresence spectrophotometer, ARL, 9400 was
used to determine the overall mineral composition of the prod-
uct. The dry solid samples were analyzed for density in gas
(helium) and water pycnometers. The particle size distribution
(PSD) of product was determined by Laser Particle Size Ana-
lyzer, Malvern, Mastersizer-S long bed Version 2.19 using water
as amedium. The Surface area analyzer, Thermo Finnigan, Sorp-
tomatic 1990 was used for determining the specific surface area
(SAA), whereas the total pore volume (TPV) of the product
was determined using BET technique based on adsorption char-
acteristics of Ny gas on the sample at 77 K. The point of zero
charge (PZC) was determined by measuring the surface charge of
product in the DI water solution at various pH using Zeta Meter
electrophoresis, Zeiss/3.0+. The pH of DI water was adjusted
by nitric acid and sodium hydroxide to the desired pH.

2.2. Experimental procedure of sorption study

To determine the effect of initial concentration on sorp-
tion kinetics, the experiment was performed by mixing 0.03 g

dried zeolite in 30 mL of the synthetic metal ion solution (sor-
bent dose = 1.0 g L™!) with an initial metal concentration in the
range of 0-Smolm~>. The pH was chemically controlled at
five using CH3COONH4/CH3COOH buffer system. The mix-
tures were mixed in a rotary shaker at a rate of 150 rpm for
0-2h and the temperature of the solution was controlled at
21 +£2°C. Suspended solids were separated out with GF/C fil-
ter. Metal ions concentrations were then measured in the filtrate
by atomic absorption spectrophotometer (AAS). Experiments
were repeated at least three times to ensure the accuracy of
the results. More repetitions were carried out in cases where
Yrelative standard deviation exceeded 15%.

To investigate the sorbent dose on sorption kinetics, the exper-
iment was conducted in a similar fashion with that described in
the previous paragraph. However, in this experiment, the initial
concentration was fixed at 5 mol m~3 whereas the sorbent dose
was varied in the range of 0.5-3 gL~!.

The equilibrium sorption experiments were conducted using
the sorbent dose in the range of 0.5-3 gL ™! and the initial con-
centration in the range of 0-8 molm™> at the contact time of
120 min, the same conditions as those stated in the first paragraph
of this section.

2.3. Calculations

2.3.1. Removal efficiency and sorption capacity of metal
ions

The removal efficiency of metal ion is calculated from:
(Co — Cy)
— X

(o]

%Removal = 100 (1)

The sorption capacity of metal ion is the amount of metal ion
sorbed on the zeolite which can be calculated based on the mass
balance principle where:
V(Co — Cy)
q=—

m

2

In these two equations, g represents the amount of metal uptaken
per unit mass of the zeolite (molkg™'), V the volume of the
solution (m?), m the dry mass of the zeolite (kg), C, and Ct
initial and final concentrations (mol m~3), respectively.

2.3.2. Sorption kinetic model based on reaction order

Two sorption kinetic models were used in this work to
describe the sorption characteristics. The first model was the
pseudo-first order rate equation developed by Lagergren [9].
The model can be expressed in Eq. (3)

dg

= _k _ 3
a = e —a) 3
Integrating Eq. (3) from t=0to t=tand g=0to g = g results in:
q=qe(1 —e™1) @)

The second model was pseudo-second order rate equation as
expressed in Eq. (5) [10-14].

d
d—‘t’ = ka(ge — ) )
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Integrating Eq. (5) from t=0to r =t and ¢=0 to g = g leads to:

G2kt

= _fe7 6

In Eqgs. (3)—(6), t is the contact time (min), g the sorption capac-
ity of metal ion at time (molkg™!), ge the sorption capacity at
equilibrium (mol kg_l), k the first order rate constant (min~"),
ko the second order rate constant (kg mol~! min—1). The model
parameters: g, k1, and ko were determined by a nonlinear regres-
sion analysis to avoid statistical bias as the pseudo-first order
rate cannot be rearranged to a complete linear form while the
second order rate equation can. STATISTICA Version 6.0 was
employed for these nonlinear fitting of the experimental data.

2.3.3. Sorption kinetic model based on reaction mechanism

To understand the sorption mechanism, additional details
from kinetic data were studied using sorption kinetic models
based on mechanism. Generally the sorption includes 4 steps
as follows: (1) sorbate transfers from bulk solution to boundary
film, (2) sorbate transfers from the boundary film to surface of
sorbent (external mass transfer step), (3) sorbate transfers from
the sorbent surface to intraparticle active site or binding site
(intraparticle diffusion step) and (4) sorption of the sorbate on
the active or binding sites of sorbent. Steps 1 and 4 generally
rapidly occur and do not consider as the rate limiting steps while
the slower Steps 2 and/or 3 are mainly considered as rate limiting
step(s).

The external mass transfer coefficient can be calculated from
Eq. (7) [15]:

dg

— = KLA(C = Cy) @)
dt

where K7, is the liquid—solid external mass transfer coefficient
(m s’l), A the specific surface area of biomass (m2 kg’l), Cthe
liquid phase concentration of sorbate at time # in the bulk solu-
tion (mol m—3), and Cj the concentration of sorbate in the inner
pore of sorbent (mol m—3). The parameter K1 can be determined
approximately using limit theorem as

dg
lim— = lim K A(C —
tgr(l)dt tLI)I(l) LAC =6 ®)

At =0, C approaches C,, and Cs approaches zero, Therefore:
lim(dg/dt
tl_r)r(l)( q/dr) h

KL = =
AC, 60AC,

©))

where C, is the initial concentration used (mol m—?), 4 the initial
sorption rate (mol kg ~! min~!) and 60 is a conversion factor for
converting the unit of 4 from mol kg~! min~! to molkg=!s~!.
The parameter / can be determined from the initial slope of the
relationship between g and # using pseudo-first or pseudo-second
order kinetic models (Egs. (3)—(6)). Hence, h is equal to gck1 and
qgkz for the sorption that fits pseudo-first and pseudo-second

kinetic models, respectively.

The specific surface area (A, m? kg~!) can be calculated using
the assumption of spherical shape sorbent where

_ Surface Area 47{(dp/2)2 6
© 0 Mass p(4/3)m(dp/2°  pvdp

(10)

where py, is the bulk density of the biomass (kg m~>) and dp the
mean particle diameter (m).

Another important mechanistic model is intraparticle diffu-
sion Model. Generally, two models are used in the determination
of intraparticle diffusion coefficient. The first model is Ver-
meulen model [16] which can be expressed as:

472 Dot
4= e l—exp<— ’sz"> 11
P

where D, is the effective diffusion coefficient (m? min—') and
the other parameters take the same meaning as those mentioned
earlier. The determination of the effective diffusion coefficients
can be achieved by fitting the model with experimental data
using nonlinear regressing analysis to find both g, and De.

The second model is Weber and Morris sorption kinetic
model [17] which can be expressed as:

q=1+ Kwmv/t (12)

where Kwy is the Weber and Morris intraparticle diffusion rate
(mol kg~ min=%3), I the intercept of vertical axis (same unit
with g). The determination of the two parameters can be achieved
by plotting ¢ and /. The linear region of the curve was selected
for the fitting with the model using linear regression analysis
where the slope and intercept represented Kwn and I, respec-
tively. The y-axis interception (sorption capacity axis) in the
plot of ¢ and +/f could be employed to examine the relative
significance of the two transport mechanisms of the solute, i.e.
intraparticle diffusion and external mass transfer. Should /=0,
the intraparticle diffusion was considered as the rate limiting
step, while, at /> 0, both external mass transfer and intraparticle
diffusion were considered as rate limiting step [18-20].

Crank proposed the calculation of diffusion coefficient from
Weber and Morris intraparticle diffusion rate in 1975 [21]
expressed as.

dyKww \
De=1 HAWM (13)
12g.

where D, is the effective diffusion coefficient (m? min—') and
the other parameters take the same meaning as those mentioned
in Egs. (4) and (11).

2.3.4. Sorption equilibrium isotherm model

The sorption isotherm is the relationship between equilibrium
concentration of the solute in the solution and quantity of the
solute in the sorbent at constant temperature. The data of sorption
equilibrium in this work was tested with Langmuir [22] and
Dubinin—Radushkevich [23] isotherm models as expressed in
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Table 1
Elemental composition of zeolite (amount in % by weight)
Amount (%) Parameter
Na,O MgO ALO; Si0, P,0s SO; K,O Ca0 TiO, Fe,05
CFA 0.23 0.75 21.39 43.10 0.17 0.01 3.56 0.74 0.68 5.27
Obtained Zeolite nd 0.49 10.8 40.76 nd 0.124 1.56 3.89 1.03 9.59
nd, not detected with the accuracy of the selected analytical method.
Egs. (14) and (15), respectively. 45
4.0 1
gmaxbCe
e =T~ (14) 3.5
14+ bCe
~ 3.04
— 1312 °§,
ge = gmax eXP{B[R T In(1+ C: )]} P
E 1 (15) 5 204
- S
/=28 > 15
. . 1.0
where g takes the same meaning as that in Eqs. (3)—(6), C. the
rep . S . 0.5
equilibrium concentration of the heavy metal ion in the solution
(molm’3), gmax the maximum amount of metal ion uptaken I i B
0.01 0.1 1 10 100 1000

per unit mass of the sorbent (molkg™!), b the Langmuir affin-
ity constant (m> mol™!), g activity coefficient (mol®>kJ~2), E
the mean sorption energy (kJ mol~1), Ry universal gas constant
(8.314 x 1073 kJmol~! K~') and T temperature (K). STATIS-
TICA Version 6.0 was employed for these nonlinear parameter
fittings.

3. Results and discussion
3.1. Sorbent characterization

The elemental composition analysis by XRF in Table 1 indi-
cated that CFA contained large quantities of silica and alumina
which are the two main components in zeolite. The XRD pattern
in Fig. 1 suggests that the zeolite product was of X-type. The
density of the obtained zeolite determined by the gas pycnometer
technique was 2.10 gcm ™3 while that of CFA was 2.24 gcm™3
whereas the density of the zeolite and CFA determined by the
water pycnometer technique were about 2.25 and 2.42 gcm™3,

respectively. The particle size distribution in Fig. 2 shows that

-
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Fig. 1. XRD characteristic peak of original CFA and obtained zeolite.

Particle Diameter (Lum)

Fig. 2. Particle size distribution of zeolite.

the size of zeolite fell in a range of 0.5-300 wm with an aver-
age of about 38.5 wm. The specific surface area and specific
pore volume obtained from N»-BET technique were 344 m” g~!
and 0.4921 cm® g~ !, respectively. Fig. 3 illustrates the relation
between zeta potential and the pH of the solution and the results
indicated that zeolite’s surface had negative charge at pH higher
than 3. In other words the point of zero charge or PZC was less
than 3. Hence, the zeolite could be used as sorbent for positively
charged contaminants such as heavy metal ions above this pH
range. This finding was verified by the results on the CEC where
the CEC of the obtained zeolite was about 140 meq/100 g, a sig-
nificantly higher figure than 6-7 meq/100 g obtained from the
original CFA.

=301

Zeta Potential (mV)

Fig. 3. Relationship between surface charge of zeolite and pH.
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Fig. 4. Relationship between contact time and sorption capacity (g) at various
concentration using sorbent dose of 1 gL =,

3.2. Effect of initial concentration and sorbent dose on
sorption kinetics

The time-profiles of the sorption capacities of Pb>*, Cu?*,
and Cd?* by zeolite for a range of initial concentration from 0
to Smolm~3 and a sorbent dose of 1 gL.~! are given in Fig. 4.
Although it took slightly longer for the systems at high ini-
tial metal concentrations to reach equilibrium than those with
low initial concentration, generally the sorption reached equi-
librium within 120 min. Experimental data were analyzed with
the sorption kinetic models (Eqs. (4) and (6)) and the resulting
parameters of each kinetic model are summarized in Table 2.
This table also demonstrates that the order of equilibrium sorp-
tion capacity from both models (ge,1 and ge2) increased with
initial concentration. This was due to the existence of equilib-
rium between the liquid phase concentration and the sorption

capacity of the zeolite such that an increase in the initial con-
centration shifted the equilibrium towards a higher sorption
capacity region. On the other hand, the kinetic rate constants
(ko) were adversely affected by the initial concentration. This
indicated that the systems with lower initial metal concentration
reached equilibrium faster than the systems with higher initial
concentration.

The pseudo-second order kinetic model was shown to be a
better model for this set of experimental data than the pseudo-
first order kinetic model for all cases (considered from a higher
determination coefficient, R?). Azizian and Yahyaei [24] stated
that an additional criterion in the discrimination between the
pseudo-first and pseudo-second order kinetic models was that
the rate constant (k1) increased with an increase in initial con-
centration for the pseudo-first order model while decreased if
the reaction obeyed the pseudo-second order model. The exper-
imental data from this work agreed well with their criterion,
and this strongly confirmed the applicability of the second order
model. Hence, the pseudo-second order kinetic model was there-
after used as a representative model in this study, and the model
prediction of experimental data was plotted as solid lines in
Fig. 4.

The time-profiles of the sorption capacity of Pb>*, Cu®*, and
Cd** by zeolite for a range of sorbent dose from 0.5 to 3gL~!
at an initial heavy metal concentration of 5molm™3 are pro-
vided in Fig. 5 and the parameters of each kinetic model are
summarized in Table 3. Again, equilibrium was reached within
120 min and the pseudo-second order kinetic model was bet-
ter than pseudo-first order kinetic models for the prediction of
experimental data in all cases. The equilibrium sorption capac-
ity decreased with an increase in the sorbent dose. This was not
uncommon as an increase in the sorbent dose provided more
space for the sorbate and the population of sorbate in the sor-
bent therefore decreased. This could also be explained using Eq.
(2) as an increase in the sorbent dose increased the denominator
in this equation, reducing the sorption capacity at equilibrium.
In terms of kj, no general trend could be observed from this
experiment whereas the values of k» seemed to increase with
zeolite dose. This indicated that the systems with lower sorbent
dose reached equilibrium slower than the systems with higher
sorbent dose. This was because an increase in the sorbent dose
provided more surface area, and promoted a faster sorption.

3.3. Mechanism in sorption kinetics

Sorption kinetic models based on reaction mechanisms (Eqs.
(7)-(13)) were tested for the compatibility with experimental
data. Model parameters were obtained from the characteriza-
tion of the zeolite product as stated in Section 3.1 and briefly
summarized as follows: mean particle diameter (dj,) at approx-
imately 3.85 x 107> m and bulk density (op) of 2100kgm~3.
This makes a specific surface area (A) of 74.22m?kg~!. The
other models parameters and variables were summarized in
Table 4.

The results from the model as summarized in Table 4 illus-
trates that, the external mass transfer coefficient (K ) from
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Sorption kinetic parameters (initial concentration range of 0—5 molm~3, sorbent dose =1gL™!)

C, (mM) Pseudo-first order model Pseudo-second order model
Ge,1 (mol kg’l) ki (min~ 1) R? ge,2 (mol kg’l) ko (kg mol~! min~!) R?
(a) Pb?*
0.1 0.101 13.4 1.00 0.102 237 1.00
0.5 0.337 2.35 0.995 0.343 394 1.00
1 0.584 2.11 0.935 0.649 2.56 1.00
3 1.07 0.615 0.778 1.36 0.205 0.994
5 1.28 0.705 0.726 1.68 0.173 0.997
(b) Cu?*
0.1 0.0502 1.53 0.962 0.0531 30.0 1.00
0.5 0.154 0.514 0.990 0.161 6.45 1.00
1 0.309 0.579 0.983 0.328 2.78 1.00
3 0.698 0.371 0.989 0.738 0.833 1.00
5 0.913 0.246 0.966 0.991 0.287 0.999
(c) Cd**
0.1 0.0508 2.71 0.936 0.0591 23.6 0.998
0.5 0.171 0.943 0.938 0.193 4.85 1.00
1 0.266 1.80 0.977 0.297 4.61 1.00
3 0.456 2.08 0.941 0.522 2.20 0.999
5 0.651 1.05 0.979 0.661 1.20 1.00

the external mass transfer model, which was determined from
parameter A (initial sorption rate) from the pseudo-second order
kinetic model, inversely varied with the initial concentration for
all metal ions. K1 of Pb>* was considerably higher than those
of Cu?* and Cd?* for the range of initial concentration between
0.1and 1 mol m~3, particularly at low initial concentration range
(e.g.at 0.1 and 0.5 mol m~3) where the difference was as high as
two order of magnitude (about 100 times larger). However, the
effect of sorbent dose on the mass transfer coefficient differed for
each metal ion. For Pb?* and Cd** Ky increased gradually with
the sorbent dose reaching the maximum value at approximately
29x%x107% and 3.2 x 103 ms~ !, respectively. On the other
hand, Ky for Cu?* seemed to be constant at 1.24 x 10> ms~!
regardless of the sorbent dose.

Table 3

The results from the Vermeulen model on the equilibrium
sorption capacity (gev) provided a similar trend with that cal-
culated from the pseudo-second order kinetic model, and the
accuracy of the prediction from the Vermeulen model was rea-
sonably high with the determination coefficient (R%) of more
than 0.836. The calculation revealed that the effective diffusion
coefficient (D y) for Pb2* and Cu?* decreased with an increase
in the initial concentration while the trend for Cd** could not
be defined. On the other hand, an increase in the sorbent dose
from 0.5 to 3 g L ™! resulted in an enhancing Vermeulen effective
diffusion coefficient of Pb?*. No general trend for the effect of
sorbent dose on the effective diffusion coefficient of Cu>* was
observed, whereas a parabolic trend for Cd?* with the maximum
obtained at the sorbent dose of 2 g L~! was obtained.

Sorption kinetic parameters (sorbent dose range of 0.5-3 g L™, initial concentration = 5 mol m~—3)

X, (g L Pseudo-first order model Pseudo-second order model
e (molkg™) ky (min~1) R? Ge2 (molkg™") ky (kgmol~! min—") R?
(a) Pb2*
0.5 1.97 0.705 0.818 2.31 0.0898 0.976
1 1.28 0.705 0.726 1.68 0.173 0.997
2 1.11 1.45 0.825 1.37 0.348 0.999
3 1.04 1.76 0.852 1.26 0.425 0.999
(b) Cu?*
0.5 0.950 0.362 0.938 1.07 0.246 0.992
1 0.913 0.246 0.966 0.991 0.287 0.999
3 0.550 1.38 0.807 0.706 0.538 0.996
(c) Cd*
0.5 0.619 0.857 0.804 0.753 0.540 0.999
1 0.651 1.05 0.979 0.661 1.20 1.00
2 0.512 2.26 0.879 0.595 1.93 0.995
3 0.530 1.13 0.974 0.576 2.12 1.00




Table 4

Sorption kinetic parameters based on reaction mechanism

Metalion C, (molm™3) X, (g L~y  External mass transfer model Vermeulen model Weber—Morris model
h = @2ky(molkg™'min™!)  Kp (ms™!)  gey (molkg™!)  Dey (m?s7!) R? Kwym (molkg™! min™%%)  Dewym (m?s™!) I (molkg™') RC (%)
Pb** 0.105 1 245 5.25x 1073 0.101 751x10712  1.000 232x10~* 2.82x 10718 0.100 98.5
0.485 1 4.63 2.14%x 1073 0338 101 x 10712 0996 1.64 x 1072 123x 101 0.296 86.3
1.02 1 1.08 2.38x107%  0.598 6.13x10713 0957 276x 1072 9.74 x 10~10 0.499 76.9
3.05 1 0.380 2.80x 1075 1.13 148 x 10713 0.868 5.96x 1072 1.03 x 10~13 0.739 54.3
5.08 1 0.485 2.14x 1075 144 1.02x 1071 0.836 1.06x 107! 2.17x 1071 0.708 423
5.23 0.5 0.479 206x 1075 2.32 223x10713 0938 274 x 107! 7.61 x 1013 0.388 16.8
522 2 0.655 282x 1075 117 298x 1071 0939 9.15x 1072 240x 10713 0.725 52.8
5.18 3 0.679 294x107° 1.08 412x10713  0.888 7.44x 1072 1.87 x 10713 0.726 57.4
Cu?* 0.101 1 0.0845 1.88x 10~*  0.0504 547x 10713 0964 4.12x1073 325%x 1071 0.0345 64.9
0.500 1 0.168 7.52x 1075 0.157 148 x 10713 0988  7.86x 1072 127 x 10713 -0.0142 -8.80
0.970 1 0.300 6.94x 1075 0.317 1.82x 10713 0998 9.97x 1072 497 x 10714 0.0655 20.0
3.04 1 0.454 335%x 1075 0.711 1.22x1071% 0991  2.00x 107! 3.97 x 10714 0.0753 10.2
5.10 1 0.282 1.24x 1075 0.951 6.00x1071* 0967 1.61x 107! 142 x 10714 0.0603 6.09
4.96 0.5 0.279 126 x 1075 0.977 945x 107 0972 2.88x 107! 401 x 10714 0.0776 7.34
4.85 3 0.268 1.24 x 107> 0.590 267x1071% 0868 7.55x 1072 6.17x 10713 0.312 443
Ccd? 0.083 1 0.0825 224%x107% 0.0518 8.66x 10713 0948 6.45x 1073 6.41 x 10713 0.0362 61.2
0.479 1 0.180 8.44x 1075 0.177 277x10713 0969 2.86x 1072 1.19 x 10714 0.0949 493
0.953 1 0.407 9.60 x 1075 0.271 574x 10713 0989 8.04x 1072 4,04 x 10714 0.122 41.6
2.82 1 0.599 477x 107> 0.466 635x 10713 0962 6.12x 1072 7.39x 10°13 0.296 56.7
4.80 1 0.524 247x1075  0.664 354x1071% 0993  1.35x 107! 2.03x 10714 0.338 48.7
4.89 0.5 0.306 14%x107°  0.675 1.25%x 10713 0.884 824x 1072 6.45x 1071 0.279 37.0
491 2 0.684 3.13x 1075 0.528 6.08x 10713 0900 3.67x 1072 1.86x 10°1° 0.372 59.5
495 3 0.704 320 107~°  0.540 329x 10713 0988 233x 107! 8.78 x 1014 0.108 18.8

9ST=S+T (800T) FH1 [Pusnof SulaaulSusy [po1UdY) / 1UDSPALd o ‘[nyuvaidy -y

16T
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Fig. 5. Relationship between contact time and sorption capacity (g) at various
sorbent dose using initial concentration of 5 molm~3.

The Weber—Morris model often predicted higher effective
diffusion coefficient (Dewwm) than those from the Vermeulen
model, and in particular, the trend of Dewwm did not follow
the same trend as that of De . This could be because D¢ wm
was determined using only the linear region which, on the one
hand, depended on the judgment of the “linear region”, and this
mightinduce statistical bias. Hence, for this work, the Vermeulen
model was recommended for the determination of effective dif-
fusion coefficient. However, the Weber—Morris model still was
useful in the examination of the dominant transport mechanism
between external mass transfer and intraparticle diffusion. As
described in Section 2.3.3, the intercept (/) of the plot between g
and /7 provided an insight evaluation of the relative significance
of the external mass transfer step. However, only an intercept
value might not be enough as a criterion in the investigation of

rate limiting step as it only gives the information on the mag-
nitude of external mass transfer without taking into account the
intraparticle diffusion. The equilibrium sorption capacity should
then be incorporated with the intercept to allow a better examina-
tion, and this, in this work, was proposed as a parameter, “relative
coefficient (RC)”, which is expressed as the ratio between the
intercept (/) and the equilibrium sorption capacity as follows:

1
RC(%) = 100 x — (16)
qe

where [ takes the same meaning as Eq. (12) and ¢, the equi-
librium sorption capacity obtained from the best fitted kinetic
model. The higher RC would indicate the external mass trans-
fer step as a rate limiting step, whereas the lower RC indicated
that the intraparticle diffusion step was the rate limiting step. In
this work, g from the pseudo-second order kinetic model was
applied in Eq. (16) and RCs from the various experiments were
reported in Table 4. It can be seen from the table that an increase
in the initial concentration generally resulted in a decrease in RC
for Pb%*. This indicated that the external mass transfer was more
significant as a rate limiting step particularly at low than high ini-
tial concentrations. RC for Cu”* also decreased with an increase
initial concentration, but the value of RC was mostly lower than
50%. This suggested that the sorption of Cu®* was controlled
primarily by intraparticle diffusion. For Cd?*, no general trend
could be concluded on the determination of rate limiting step and
RC took the values between about 40-60%. An increase in the
sorbent dose from 0.5 to 3 g L~! increased RC of Pb** indicating
that the external mass transfer became more significant at higher
sorbent dose. The effect of sorbent dose on the rate controlling
mechanism could not be clearly observed for Cu?*, but the exter-
nal mass transfer seemed to be more important at higher initial
concentration. The relationship between RC and sorbent dose for
the sorption Cd>* was found to be parabolic with the maximum
taken place at the sorbent dose of 2gL~!. It should be noted
that the negative value of 7 and RC for Cu* at C, =0.5 molm—3
occurred as the linear regression in calculation of Ky resulted
in the y-intercept below horizontal axis. The reason could be that
the process was highly limited by intraparticle diffusion step.

In conclusion, the sorption of Pb2* was often controlled by
the external mass transfer process (RC always higher than 50%).
On the other hand, the sorption of Cu** was generally found to
involve with the intraparticle diffusion process (RC always lower
than 50%). The sorption on Cd** seemed to involve equally
the external mass transfer and the intraparticle diffusion as RC
generally varied in a range of 40-60%.

The reason for different rate limiting steps could be due to
the different sizes of metal ions which are related to the atomic
weight. Wilke—Chang (1955) proposed the relationship between
diffusion coefficient (D) and the molecular weight (M) as fol-
lows: D = 7.4 x 10787 /M, /nV%© [25]. This indicated that
lower molecular weight molecules exhibited lower diffusion
coefficient. In this work, Cu?* has the lowest atomic weight
and therefore it was expected to have the lowest diffusion coef-
ficient. As a result, the intra-particle diffusion for Cu>* could be
more limiting when compared to other metal ions.
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Fig. 6. Sorption isotherm with kinetic tracking plots.

3.4. Sorption isotherm

The sorption equilibrium curve was constructed from the
kinetic data with sufficient contact time as shown in Fig. 6. As
the contact time increased, the bulk liquid phase concentration
(Cy) decreasingly converged to equilibrium bulk liquid phase
concentration (C.), and solid phase concentration or the sorp-
tion capacity (¢;) increasingly converged to equilibrium sorption

Table 5
Sorption isotherm parameters

capacity (ge). The liquid phase concentration at time 7 (C;) and
equilibrium concentration (C,) can be calculated by rearranging
Eq. (2) as follows:

m
C =C,— % (172)
Co=Co— m‘j’e (17b)

Each experiment provided a dot line with the final point lied on
the equilibrium line as illustrated in Fig. 6. Each equilibrium
data were fitted with the isotherm models, Eqgs. (14) and (15),
and the isotherm parameters are summarized in Table 5.

Langmuir isotherm suggested that the order of maximum
sorption capacity (gmax) could be prioritized from high to low
as: Pb** > Cu?* > Cd**, indicating that the zeolite product from
this work had more binding sites for Pb>* than Cu?* and Cd>",
respectively. On the other hand, the Langmuir affinity constant
(b) could be prioritized from high to low as: Pb>* > Cd** > Cu?*
which suggested that Pb’>* was the most easily bonded compo-
nent to the binding sites of the zeolite, followed by Cd** and
Cu?*, respectively.

The Dubinin—Radushkevich isotherm model was employed
to evaluate the energy of sorption. The analysis from
Dubinin—Radushkevich isotherm showed that the mean sorp-
tion energies were 2.55, 1.57, and 2.05 kJ mol~! for Pb>*, Cu?*,
and Cd?*, respectively. Smith [26] illustrated that the range of
energy of sorption at 2-20 kJ mol~! could be considered physi-
sorption in nature. Therefore, it was possible that physical means
such as electrostatic force played a significant role as a sorption
mechanism for the sorption of heavy metal ions in this work.

3.5. Effect of sorbent dose and initial concentration on
sorption equilibrium

The effect of sorbent dose and initial concentration on equi-
librium study is important in designing the treatment unit,
and the relationships between these parameters were often
constructed. For example, on the investigation of the sorp-
tion of nickel ions on baker yeast, Padmavathy et al. [27]
proposed the relationship between equilibrium sorption capac-
ity and initial metal concentration as: g. (in mg g_1)=C0
(in mgL~1)/8.95 x 1072 C, +3.57 for sorbent dose 1gL~!
and the relationship between sorption capacity and sorbent
dose as: ge(in mg g_l) = 7.15ms_0'686(in g L~ for ini-
tial concentration about 100mgL~!. Kumar and Kumaran
[28], who studied the removal of Methylene blue by mango
seed kernel powder, suggested the relationship between
equilibrium sorption capacity and initial dye concentration

Metal ion Langmuir isortherm Dubinin—-Radushkevich isotherm

Gmax (molkg™") b (m3mol™ 1) R? Gmax (molkg™") B (mol* kI~2) E (KJmol™!) R?
Pb>* 2.03 1.29 0.994 1.61 —0.0770 2.55 0.970
Cu?* 1.43 0.468 0.993 0.989 —0.203 1.57 0.974
Ccd** 0.870 0.797 0.980 0.640 —-0.119 2.05 0.923
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Fig. 7. Relationship between sorption parameters (ge and %Removal) of Pb>*

and operating parameters (C, and Xo).

as: ge = 0.4167C2 4 4.0086C,/0.5833C, — 4.0086 for sor-
bent dose 0.6 gL_l, while the relationship between the
ge and adsorbent mass fitted with: m(in g)=0.0003g(in
mg g~ 1)/0.0242g. — 1 for an initial dye concentration of
100mgL~!. Suthiparinyanont et al. [29] observed that the
sorption capacity for Cu?*, Cd?*, and Pb%* increased with an
increase in initial metal concentration, except for 7Zn* where
an increase in initial concentration from 1 to 1.5molm™3 led
to a slower rate of change in the sorption capacity. Ho and

%Removal = 50

(17b) where m/V is defined as X,,, and this leads to:

_ Gmaxb(Co — Xoge)
1+ b(Co — Xoge)

(18)

€

In this equation, X, represents sorbent dose (gL~! or kgm™3)
and the other parameters take the same meaning as those in Eqs.
(2) and (14). Rearranging Eq. (18) gives:

(on)qg — (14 bCo + gmaxbXo)qe + (gmaxbCo) =0 (19)

The above equation is quadratic and therefore the solutions
can be obtained from:

(gmaxbXo + bCo + 1)
i\/b2cg +2b(1 — Qmabeo)Co + 1+ Qmaxbxo)2
2bX,

qe

(20)
As g.=0 when C,=0, if the operation between the two
terms was “plus”, the substitution of C, with zero gives:
ge = (gmaxbXo + 1)/bX, which was not equal to zero. Hence, the

operation must be negative and the actual exact solution of Eq.
(19) can be expressed as:

(gmaxbXo + bCo + 1)

_\/bzc(% + 2b(1 — gmaxbXo)Co + (1 + qmaxbxo)2
2bX,

Q
a
Il

@1

With this information, the determination the effect of initial con-
centration and sorbent dose on removal percentage can also be
achieved by combining Egs. (1) and (2) where g, C¢, and m/V
were substituted by ge, Ce, and X, respectively. This results in:

%Removal = 100@ (22)
Co
In this equation, %Removal represents the removal percentage
at equilibrium. The other parameters take the same meaning as
those in Eqs. (2) and (18). Substitution of g, from Eq. (21) into
Eq. (22) gives:

(gmaxbXo +bCo + 1) — \/bzcg +2b(1 — gmaxbXo)Co + (1 + qmaxbxo)2

(23)

Ofomaja [30] reported that the relationship between coconut
copra meal dose and %Removal of initial concentration
about 128 mg-Cd>* L~ (1.14 mol Cd** m—3) could be fitted
by; %Removal=mg (in gL"1)/7.97 x 1072 +1.60 x 1072 my,
while the relationship between the sorbent dose and sorption
capacity was: ge (in mgg~!)=1/6.20 x 1072 +1.25 x 10™? my
(ingL™h.

In this work, the effect of sorbent dose (X,) and initial
concentration (C,) was found to simultaneously control the equi-
librium parameters such as equilibrium sorption capacity (ge)
and removal percentage (%Removal). The relationship between
these parameters could be achieved by combining Egs. (14) and

bC,

3.6. Model verification

New sets of sorption experiments were carried out to verify
the models in Egs. (21) and (23). It should be noted that the con-
tact time of about 2 h were assumed, from experience in Section
3.2, to be adequate for the system to reach equilibrium. The
results from the experiments along with the model predictions
were compared as illustrated in Figs. 7-9 for Pb2*, Cu?*, and
Cd?*, respectively.

Parameters employed to verify the model prediction were:
(i) the coefficient of determination (R?), (ii) average of %Error,
and (iii) relative standard deviation (R.S.D.) of %Error. These
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N 2 R.S.D. of Error (%) = 100 x (244d)
2 Dot i = yeui)
2i=10i =) where y; is the actual model variables (can be either g, or
. . %Removal) at point i obtained from experimental data, y.; the
E; = YiT Yei (24b) predicted actual model variables from the model at the same
i point as y;, y the average of actual model variables from all
N interested experimental data, E; the error at point i, E the aver-
100 x Y ;" E; i
Average of Error (%) = > imi Ei (24¢) age of error from all experimental data, and N the number of
N experimental data.
Table 6
Parameters for model verification
Variables Metal R? Average error (%) R.S.D.? of error (%) Max error (%) Min error (%) %Data that error less No. of data
than 10%
Pb* 0.928 14.7 64.0 31.0 0.303 37.5 24
g Cu?+ 0.872 229 95.6 79.8 0.893 37.5 24
¢ ca* 0.922 19.0 77.2 52.7 0.632 333 24
All Data 0.929 18.9 86.3 79.8 0.303 36.1 72
PbZ* 0.821 14.7 64.0 31.0 0.303 37.5 24
%R al Cu?+ 0.672 229 95.6 79.8 0.893 37.5 24
oRemoval o2+ 0704  19.0 77.2 527 0.632 333 24
All Data 0.783 18.9 86.3 79.8 0.303 36.1 72

2 R.S.D. =relative standard deviation = 100 x standard deviation/average.
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The parameters for model verification are shown in Table 6
whereas the accuracy of the models is plotted in the Fig. 10. A
high R?, low average of percentage error (Average of %Error),
and low relative standard deviation of percentage error (R.S.D. of
9FError) indicated high accuracy of the model in the prediction
of sorption characteristics. Note that the model could predict
the sorption performance for Pb>* and Cd** better than that of
Cu?*.

4. Conclusions

The sorption of three heavy metal ions, i.e. Pb2*, Cu?*, and
Cd?* using zeolite X modified from coal fly ash was evalu-
ated here. Sorption kinetic mechanism was analyzed and found
that generally both external mass transfer and intraparticle dif-
fusion are the rate limiting step for Pb>* and Cd>* while

Cu?* seemed to generally be governed by intraparticle dif-
fusion. The maximum sorption capacity (gmax) of the metal
ions calculated from Langmuir isotherms was always higher
than that reported in literature (Table 7) indicating that zeo-
lite from this work could well be used as a high performance
sorbent in sequestering of contaminated metals in wastewa-
ter. A general mathematical model for predicting the sorption
parameters (g. and %Removal) was proposed. The model could
simultaneously integrate the effects of initial concentration and
sorbent dose, and provide a relatively accurate prediction of
sorption and this is applicable for further reference. Overall,
this work illustrates the possibility in the conversion of the
unwanted industrial materials such as coal fly ash from power
plants to a high performance zeolite sorbent which could be
useful for the removal of heavy metal ions from the wastewa-
ter.
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Table 7
Maximum sorption capacities for heavy metals of various sorbents
Sorbent Gmax (molkg™") pH Reference
S. cinnamoneum Pb(0.36) > Cd(0.19) > Cu(0.14) 4.0 [31]
P. chrysogenum Pb(0.34) > Cu(0.20) > Cd(0.11) 4.0 [31]
Durvillaea potatorum Pb(1.55)>Cu(1.30) 5.0 [32]
Ecklonia radiata Pb(1.26)>Cu(1.11) 5.0 [32]
Aspergillus niger Cu(0.073) >Pb(0.049) > Cd(0.035) 5.0 [33]
Sphaerotilus natans Pb(0.65) =Cu(0.65) > Cd(0.23) 5.0 [34]
Bone char Cu(0.709) > Cd(0.477) 5.0 [35]
Pine bark Cu(0.149) > Cd(0.126) a [36]
Chlorella vulgaris Pb(0.816) 5.0 [37]
Caulerpa lentillifera Pb(0.14) > Cu(0.13) > Cd(0.042) 5.0 [38]
Rice husk ash Pb(0.061) 5.6-5.8 [39]
Cymodocea nodosa Cu(0.83) 4.5 [40]
Padina sp. Cu(0.80) 5.0 [41]
GACP Cu(0.043)>Cd(0.0219) 54-5.7 [42]
Modified GAC by Citric a Cu(0.235) 49 [43]
Sepiolite Cd(0.152) 6.0 [44]
Zeolite Na-P1 Pb(1.29) > Cu(1.05)>Cd(1.16) a [6]
Zeolite faujasite Pb(1.23) a [6]
Zeolite sodalite Pb(0.798) a [6]
Zeolite analcime Pb(0.745) a [6]
Zeolite cancrinite Pb(0.537) a [6]
Zeolite clinoptilolite Cu(1.41) 6-7 [7]
Zeolite clinoptilolite Cu(0.405)>Pb(0.130) > Cd(0.043) 6.2 [45]
Zeolite X Pb(2.03) > Cu(1.43)>Cd(0.870) 5.0 This work

2 Not defined.
b Granular activated carbon.
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