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Abstract. The adsorption of three metal ions onto bone char has been studied in both equilibrium and kinetic
systems. An empirical Langmuir-type equation has been proposed to correlate the experimental equilibrium data
for multicomponent systems. The sorption equilibrium of three metal ions, namely, cadmium (II) ion, zinc (I) ion
and copper (II) ion in the three binary and one ternary systems is well correlated by the Langmuir-type equation.
For the batch kinetic studies, a multicomponent film-pore diffusion model was developed by incorporating this
empirical Langmuir-type equation into a single component film-pore diffusion model and was used to correlate the
multicomponent batch kinetic data. The multicomponent film-pore diffusion model shows some deviation from the
experimental data for the sorption of cadmium ions in Cd-Cu, Cd-Zn and Cd-Cu-Zn systems. However, overall this

model gives a good correlation of the experimental data for three binary and one ternary systems.
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Introduction

Sorbent performance is the critical factor in the design
and operation of an adsorption system. Bone char is a
heterogeneous sorbent which is derived from the calci-
nation of animal bone in the absence of air. This sorbent
has been demonstrated to remove aluminum ions and
iron ions from rural water in a pilot study (Lewis, 1995).
Therefore, it is believed that bone char can be used to
remove metal ions from wastewaters.

Bone char, a mixed adsorbent containing around
10% carbon and 90% calcium phosphate, is mainly
produced by the carbonization of bones. Structurally,
the calcium phosphate in bone char is in the hydrox-
yapatite form Girgis et al. (1997). It has been shown
that after the decarbonization of bone char it has lit-
tle or no decolorizing power (Elliott, 1994), although
the hydroxyapatite in bone char retains an adsorption
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capacity to adsorb calcium salts (Killedar, 1991) and
dissolved salts (Elliott, 1994). Therefore, bone char can
eliminate either organic or inorganic species from their
solutions.

Bone char has traditionally been used to decolourize
sugar solutions in the sugar refining industry for many
years. Abdel Raouf and Daifullah (1997) reported that
the bone char derived by heating the animal bone to
500-600°C could be used to remove fluoride from
drinking water on a laboratory scale (Christoffersen
et al., 1991; Larsen et al., 1993; Phantumvanit and
LeGeros, 1997). In recent studies, bone char was
used to adsorb the radioisotopes of antimony and eu-
ropium ions from radioactive wastes (Bennett and
Abram, 1967). The authors suggested that chemisorp-
tion was the main operating mechanism for >Eu’* re-
moval with a high degree of irreversibility fixation on
bone charcoal from the aqueous solution. The authors
claimed the sorption was due to the cation exchange of
metal ions onto hydroxyapatite. In contrast, physical
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Table 1. Physical and chemical properties of bone char.

Chemical composites

Physical properties

Items Limits Items Limits
Acid insoluble ash 3 wt.% max. Bulk density (Dry) 640 kg/m?
Calcium carbonate ~ 7-9 wt.% Carbon surface area 50 m?/g
Calcium sulfate 0.1-0.2 wt.%  Moisture 5 wt.% max.
Carbon content 9-11 wt.% Pore size distribution  7.5-60,000 nm
Calcium HAP 70-76 wt.% Pore volume 0.23 cm’/g
Iron-as Fe; O3 <0.3 wt.% Total surface area 100 m2/g

Source: Tate & Lyle Company Limited.

sorption was suggested to be the main mechanism to
remove radioactive organic solutions of antimony when
loaded from the liquid organic radioactive wastes. Gu
and coworkers (Gu et al., 1998) found that both bone
char and iron impregnated bone char could remove the
uranyl ions (UO%*') from wastewater.

As studies into the sorption of metal ions onto bone
char are relatively limited in number, studying the sorp-
tion of metal ions onto pure hydroxyapatite may assist
in indetifying the sorption properties of metal ions onto
bone char. Suzuki and coworkers (Suzuki et al., 1982,
1985, 1991) have studied the sorption capacity of metal
ions onto CaHAP. In recent work, Suzuki and cowork-
ers (Hatsushika et al., 1999) concluded that the order
of cation sorption according to the amount of exchange
by the original CaHAP is as follows:

Fe>* > Pb?t > Pt > Y3 > La*t > APt > cu?F

> 7Zn*t > Mn?** > Ni*t > Cd** = Co*t

In the present work, bone char has been used to re-
move copper, cadmium, and zinc from aqueous effluent
in three binary and one ternary agitated batch-contact
systems. Equilibrium capacities were determined and
analysed and a multicomponent mass transport model,
based on film pore diffusion and incorporating an em-
pirical equilibrium model, has been developed and
tested.

Experimental Materials and Procedures
Bone Char

The bone char used in this study was Brimac 216, 20/60
mesh supplied by Tate & Lyle Process Technology. The

physical and chemical properties of bone char were
analyzed by the manufacturer. Table 1 shows that the
main composition of bone char is calcium hydroxya-
patite. The chemical formula of calcium hydroxyap-
atite is Ca;o(PO4)6(OH), or Cas(PO4)3;(OH) and Fig. 1
shows the structure of CaHAP. The carbon is distributed
throughout a porous structure of hydroxyapatite in the
bone char. The manufacturer used the adsorption of
cetyltrimethylammonium bromide (CTAB) from water
to measure the carbon surface area and the adsorption of
sodium di-2-ethylhexyl sulfosuccinate (Manoxol OT)
from water to measure the total surface area (Bennett
and Abram, 1967). Although the manufacturer did not
use the B.E.T isotherm to measure the surface area of
the bone char, the B.E.T isotherm was used to measure
the pore volume distribution in this research. The BET
surface area of the bone char was determined using an
Omnisorp Coulter 100CX unit and the BET surface

Figure 1. The structure of calcium hydroxyapatite.
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Figure 2. The Pore volume distribution of bone char using N, condensation and evaporation.

area of bone char was measured as 130 m?/g. Figure 2
shows the pore volume distribution against the pore
size of bone char. The pore volume distributions against
pore size are separated into two regions. The mean pore
diameters after unit conversions are equal to 3.6 and
11.2 nm. According to the classification of pore size as
recommended by IUPAC (Do, 1998), these are meso-
pores (2 nm < dpoe < 50 nm). As a hydrated metal
ion is relatively small relative to the average pore di-
ameter, it can freely diffuse along the pore to the center
of sorbent. Hence, pore diffusion has been considered
as a main rate-controlling mechanism in these present
studies.

Pretreatment of Bone Char

The bone char was sieved to separate the material into
discrete size ranges. In this research, the adsorption
properties of 500-710 pm particle size bone char were
studied. After sieving the char, the adsorbent was rinsed
with deionized water. Finally, the adsorbents were dried
at 103—105°C for 24 hours, and then allowed to cool in
the dessicator. The pH value of 1 g of bone charin 11
of deionized water is 9.

Sorbate

Sulfuric acid is a commonly used acid in industry;
therefore, the wastewater usually contains sulfate ions

in solution. In this research, analytical grade cadmium
(II) sulfate (3CdSO4-8H,0) and copper (II) sulfate
(CuS04-5H,0) used in the experiments were supplied
by Riedel-de Haén Chemicals. The analytical grade
zinc (II) sulfate (ZnSO4-7H,0) was supplied by BDH
chemicals. Stock solutions of metal ions were prepared
using deionized water. All solutions were adjusted to
pH = 4.9 £ 0.1 using dilute sulfuric acid. If metal
chloride or metal nitrate is used, the sorption capacity
and sorption rate of metal ions onto bone char may be
different (Suzuki et al., 1985).

Analytical Techniques

The concentrations of metal ion solutions were mea-
sured by Inductively Coupled Plasma-Atomic Emis-
sion Spectrophotometer (ICP-AES). The samples were
diluted five times by deionzied water; therefore, the
concentrations of the metal ion solutions should be in
the range of 0 to 90 mg/dm?. The calibration standards
were prepared using the standard solutions and five
calibration standards (5, 15, 30, 60 and 90 mg/dm3)
were prepared for calibrating the machine before mea-
suring. A linear calibration line (correlation coefficient
R? > 0.999) was obtained after calibration to ensure
the accuracy of results. The samples were automatically
measured three times in one aspiration. If the difference
of three test results was greater than one percent, the
samples were measured again until the test results ful-
filled the analysis requirement.
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Equilibrium Contact Time

When the agitation time required for the equilibrium
sorption isotherm is determined, the experimental sorp-
tion equilibrium isotherms for single and multicom-
ponent systems will be determined according to this
limiting contact time. The sorption of metal ions from
solution took 72 hours to reach equilibrium for all three
metal ions. To ensure equilibrium was attained, agita-
tion was performed for five days for all equilibrium
experiments.

Sorption Equilibrium Isotherm

A fixed mass, 0.25 g, of bone charcoal was weighed into
120 ml test bottles. Metal ion solutions were prepared
and then 50 ml was pipetted into each test bottle. The
initial pH of the solutions was adjusted to 4.9 £ 0.1
by the addition of dilute sulfuric acid. The test bot-
tles were put in the shaker bath for five days and were
shaken at the maximum shaking rate (200 rpm) to al-
low the bone charcoal to adsorb the metal ions until
the solution reached equilibrium. The initial and final
concentrations of the solutions were measured by ICP-
AES. These data were used to calculate the adsorption
capacity, ¢g., of the adsorbent. Finally, a diagram of
adsorption capacity, g., against equilibrium concentra-
tion, C,, was plotted. The amount of metal ion sorbed,
q., was calculated from:

. (Co - Ce)v

W ey

e
In the batch kinetic study, the sorption capacity at time
t, q;, was calculated by replacing C, with C; in Eq. (1).

Batch Kinetic Mass Transport Studies

These experiments were used to study the influence
of sorbent mass and initial metal ion concentration on
the adsorption rate. An adsorber vessel in a standard
batch stirred-tank configuration was used in all of the
experiments. A standard tank configuration was used
to derive the relative dimensions of the vessel and its
components (Furusawa and Smith, 1973). The follow-
ing relationships hold with respect to the vessel inside
diameter, D; (see Fig. 3).

Height of baffles = 0.2 m
Baffle width = 0.075 D;

Connected to variable speedmotor

h
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Figure 3. Standard tank configuration for contact time studies.

Height of liquid in the vessel = D;

Distance between impeller blade and vessel bottom =
0.5 D;

Height of impeller blade = 0.1 D;

Impeller diameter = 0.5 D;

The adsorber vessel was a 2 dm?® plastic beaker with
0.13 m internal diameter and it can hold a volume of
1.70 dm? acid dye solution for the batch contact time
experiment. A six bladed, flat plastic impeller was used
to enhance mixing. The diameter of the impeller and the
blade height were 0.065 m and 0.013 m respectively.
A Heidolph variable motor was used to drive the im-
peller using a 0.005 m diameter plastic shaft. Six plastic
baffles were evenly spaced around the circumference
of the vessel, positioned at 60° intervals and held se-
curely in place on top of the vessel. Polystyrene baffles
were 0.2 m long and 0.01 m wide. The purpose of the
baffles were used to prevent the formation of a vortex,
to reduce the relative motion between liquid and solid
particles consequentially, and to reduce power losses
due to air entrainment at the impeller. They were se-
cured in a position slightly away from the vessel wall
and bottom of the tank in order to prevent particle accu-
mulation. Evaporation of liquid was prevented by using
a thick polystyrene sheet on top of the vessel.
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Table 2. The effect of the concentration

and mass.
Concentration (mM) Mass (g)
6.5
2.5 7.5
8.5
9.5
10.5

Note: Temperature = 20°C, pH = 4.9, Par-
ticle size = 500-710 pm.

The standard condition was fixed at the mass of bone
char (8.5 g), at a fixed particle size (500-710 pum), a
fixed temperature (20 £2°C), a fixed pH (4.90 £ 0.10),
and a fixed initial concentration of metal ion solution
3 mM (see Table 2). Therefore, the effect of initial
concentration of metal ion solution on the adsorption
rate was studied by varying the initial concentrations
of metal ion solution (i.e. 2, 2.5, 3, 4 and 5 mM) and
the other conditions were fixed. The effect of sorbent
mass was studied using the same conditions as defined
in standard conditions. Several experiments were re-
peated to ensure that the experimental values are re-
producible.

In the batch kinetic study, the effect of the initial
concentrations and the volume to mass ratios for the
adsorption isotherms were investigated. The operating

70.0

lines of Cd ions for different systems are presented in
Fig. 4. Figure 4 shows that the equilibrium capacities,
q., change at different initial concentrations and vol-
ume to mass ratios, V /M. The kinetic data started at
an initial concentration, C, at r = 0, and the operating
lines can then be plotted terminating on the sorption
isotherm, C, at t = oo. The operating lines for the
variation of adsorbate concentration (solid lines) and
adsorbent mass (dashed lines), see Table 2, in batch
kinetic studies almost covers the whole region of ad-
sorption isotherm.

Theory of Film-Pore Diffusion Model

A previous paper (Cheung et al., 2001) introduced the
use of an analytical method to determine the external
mass transfer coefficients and the pore diffusion coef-
ficients. The analytical method can provide a good cor-
relation of experimental data when all operating lines
terminate on the saturation region of the equilibrium
isotherm curve (i.e. ¢.; = ge.n = qm)- However, when
the operating lines do not terminate on the saturation
region of the equilibrium isotherm curve, the hypothet-
ical equilibrium concentration must be assumed to be
a certain value before calculation. In order to calcu-
late the effective diffusivity accurately in the present
work, the hypothetical equilibrium concentration, g, ;,

10.59

60.0{ 9.5g

0 100 200

300 400 500 600
Ce, mg/dm3

Solid lines — operating lines for variation of adsorbate concentration

Dashed lines — operating lines for variation of adsorbent mass

Figure 4. The relationship of adsorption isotherm and the mass transport model. (Operating line plots for Cd ions systems).



20 Cheung et al.

is replaced by the solid phase concentration, ¢, ;. Since
qe.; 18 a variable in the equation, the film-pore diffusion
model must be solved by a numerical method. The the-
oretical assumptions of this numerical film-pore diffu-
sion model are:

(1) The adsorbate is transferred within the pores of the
bone char particle solely by means of molecular
diffusion.

(2) Adsorption equilibrium according to the isotherm
is presumed between the pore-water and the bone
char throughout. In other words, the deposition-
rate of the metal ions in the pore water onto the
bone char surface is taken to be much higher than
their rate of diffusion.

(3) The solid-phase concentration at the bone char sur-
face, g, , is a function of liquid-phase concentra-
tion on the bone char surface, C, ;.

(4) The quantity of adsorbate in the pore water is much
lower than that on the bone char per unit volume
and can therefore be neglected.

Calculation of Adsorption Rate

This model is based on the unreacted shrinking core
pore diffusion model and the main equations of this
model are summarized here as the derivation has been
presented previously (Cheung et al., 2001). The exter-
nal mass transfer rate at the external surface of the bone
char particles is given by:

N; = kf4jTR2(Ct - Ceﬁt) 2

According to the first Fick’s law, the pore diffusion rate
in the pore water is:

_ 471 DegtCo

N, = —=— "%
" 1/r—1/R

3)

The velocity of the concentration front is given by:

dr
N; = =471 qepp - “)

The average concentration in the sorbent is given by:

r 3
-] w

The mass balance of the sorbent is given by:

= (C —C)K (6)
q:r = (Ly W

Numerical Solution for Concentration Decay Curve

The mass transfer from the bulk solution across the
liquid film is equal to intraparticle diffusion of sorbate.
Therefore, combining Egs. (2) and (3) gives the rela-
tionship between the concentration of sorbate in bulk
solution and the concentration on the sorbent surface:

Deger

C,=|1+ —2
! [+kfR(R—r)

i|Ce,t or Ct = ch,t (7)

The mass balance of solid phase and liquid phase from
Egs. (5), (6) and (7) becomes:

3
W[qe,t(l - (%) )] =V(Co—yYCe) (8

The concentration of sorbate on the surface at radius r
isequal to C, ;. The Langmuir equation is used to relate
equilibrium concentrations on the solid phase surface.
Therefore, the solid phase concentration at r can be
represented by:

. . QmaLCe,t
Langmuir equation: ¢,, = ———— or
1+ aLCe,z
K. C
Gey = T ©)
1 + aLCe,t

Due to the complex nature of the metal ion sorption
process involving exchange sorption and active carbon
sorption on the surface, several isotherm models were
tested to correlate the experimental data. Despite, at
least a dual sorption reaction step being involved, on
this heterogeneous surface the Langmuir equilibrium
isotherm model equation provided an excellent corre-
lation with the single component experimental data.
The excellent fits can be seen qualitatively in Figs. 5
and 6. Furthermore, a significant monolayer effect can
be seen for all the single component systems, which is
also characteristic of Langmuir monlayer equilibrium
saturation. There is no steady rise in the solid phase
sorption capacity as observed in an isotherm curve
characteristic of the Freundlich isotherm and typify-
ing heterogeneous adsorption systems. Consequently,
in the present work a Langmuir type mathematical re-
lationship has been used to describe the three metal
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Figure 5. Sorption of Cd (a), Cu (b) and Zn (c) ions onto bone

Figure 6. Sorption of Cd (a), Cu (b) and Zn (c) ions onto bone
char from single and multicomponent systems (Temperature = 20°C,
pH = 4.9, Particle Size = 500-710 pm).

char from single and multicomponent systems (Temperature =20°C,

pH = 4.9, Particle Size = 500-710 pem).
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ions—bone char adsorption systems. The quality of the
fit of the Langmuir type equation is probably due to the
fact that the sorption activation energies are both low
and of a similar order magnitude.

In the previous model (Cheung et al., 2001), a rapid
analytical solution has been developed by assuming
de.: 1s a constant value equal to g, . In this model,
the tie lines and time-dependent values for C,, and,
hence, g, , can be obtained. Combining Eqs. (8) and (9)
and letting R,, = (1 — (r/R)*)(W/ V), the following
quadratic equation is obtained:

aLl/fCeZ,t + (I/I + anmRm - aLCU)Ce,t - Co =0
(10)

From the quadratic Eq. (10), C, ; can then be solved in
terms of the shrinking radius (Cheung et al., 2001).

the concentration of solution on the surface cannot be
measured, Eq. (7) will be used to calculate the sorbate
concentration in solution. The adjustable parameters
in Egs. (7), (11) and (13) are the film diffusion coeffi-
cient, k ¢, and effective diffusivity, Deg. Therefore, the
constants ks and Deg can be found by minimizing the
Sum of Square of Errors, SSE, between the experimen-
tal and the theoretical concentration for experimental
C, values.

n m

SSEiur = Y

j=1 li=

[(Coexp.i — <cf>calc,l~]2} (15)
1 .

J

Mass Transport for the Multicomponent Systems

This film-pore diffusion model can be used to correlate
the experimental data for multicomponent systems if

—(W + aLCImRm - aLCO) + \/(W + anmRm - aLC0)2 + 4aLwCo

Ce,t(r) =

The intraparticle diffusion of sorbate is equal to the ve-
locity of the concentration front. Therefore, combining
Egs. (3), (4) and (9), the rate equation becomes:

Ar ~ dr _ Deg(1 +arC, )R (12)

E B a - QmaLr(R - r)pp
or
Deg(1 C.:)R
Ar = _< enll 4 4 Ce.r) )At (13)
qmaLr(R - r);op

Since C, ; is known as a function of r, Egs. (7), (11) and
(13) can be solved for a specified time by a numerical
method. The solution scheme proposes that the shrink-
ing core radius can be calculated by Eq. (14).

rith =i 4+ Ar/ (14)

The shrinking core radius at t = 0, r9 is assumed to
be the arithmetic mean radius between respective mesh
sizes of the sorbent (r® = d,,/2 = 3.03 x 1072 cm).
The initial guess of the time interval (r = 0), Ar° in
the numerical program are 0.2 s and —1 x 107> cm.
Therefore, at time equal to ¢!, the shrinking core ra-
dius, 7!, the deta radius, Ar', and the concentration of
solution on the surface at time !, (C,,)", can be calcu-
lated using Eqgs. (11) and (13), respectively. Therefore,
Ar/ can be calculated from (C, )’. The concentration
of solution on the surface at time ¢ can be obtained
by repeating the calculation of (C,,)’ and r/. Since

an

2CZLW

the diffusion (film and pore) process of each adsorbate
onto the adsorbent is independent of the other adsor-
bates and behaves the same as the single component
diffusion process. Therefore, the diffusion equations
for each component can be solved independently and
the sorption kinetics for the multicomponent systems
can be treated as a single component. The calculation of
adsorption equations used in this part is similar to that
for a single component system. However, the Langmuir
equation fails to correlate the adsorption isotherms for
the sorption of cadmium and zinc ions with copper ions
in the multicomponent system because the sorption of
cadmiun and zinc ions onto bone char is negatively im-
pacted by copper ions at high concentration systems.
Hence, an empirical equation is derived and used when
the Langmuir equation is not fitted. The starting point
of this numerical method is the assumption that the
mass transport rate of metal ions from the bulk solu-
tion across the liquid film is equal to the diffusion rate
of metal ions to the interior of the particle.

An empirical Langmuir-type equation is used to de-
scribe the time-dependent surface or tie-line concentra-
tion at time ¢ on the sorbent surface as derived below
in Eq. (16). It is proposed that the sorption of one of
the metal ions on the solid phase can be correlated by
the Langmuir equation. However, parts of the sorp-
tion component of the metal ions, which can be cor-
related by the Henry’s law, are displaced by the cop-
per ions. The Henry equation solid phase displacement
subtracted from the Langmuir equation becomes the
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solid phase concentration for the other metal ions, as
defined by Eq. (16):

gmarCe,
= AmCer g 16
Ge,t 1 +aC,, .t (16)

Combining Egs. (8) and (16) and substituting R,, =
(1 — (r/R)*)(W/ V) yields the quadratic equation:

a (Y — HR,)CZ,

- (aLCo_(w + Rm(qmaL - H)))Ce,t - Co =0

7)

From the quadratic Eq. (17), C,, can then be solved as
a function of the shrinking core radius.

(aLCo - (1// + Rm(QmaL - H))) + v Dis

Ce,t(r) = 2aL(1/f _ HRm)
(18)
where
Dis = (a,Cy — (Y + Ry(gmar — H)))?
+4a;Co(y — HR,,) (19)

Therefore, the equilibrium concentration on solid sur-
face is a function of the shrinking core radius. Since C,
is known as a function of r, Egs. (7), (13) and (18) can
be solved for a specified time by a numerical method.
The solution scheme proposes that the shrinking core
radius can be calculated by Eq. (14). The above numer-
ical scheme can be used to estimate values of the pore
diffusivities for the sorption of three binary metal ions
for the multicomponent systems.

Results and Discussion

In our previous studies (Cheung et al., 2001), we suc-
cessfully demonstrated the ability of the film-pore dif-
fusion model to correlate the experimental data for
single component systems. The mass transfer rate for
single component systems appeared to be mainly con-
trolled by pore diffusion. In this paper, the mass transfer
coefficients for the multicomponent systems will be de-
termined. As the solid phase concentrations of sorbent
must be determined to calculate the liquid phase con-
centration in sorbent, an empirical method is used in
the calculation of pore diffusivities for multicomponent
systems. For the sorption of “metal” cations onto amor-
phous iron, manganese and aluminum oxides (Trivedi

and Axe, 2002) the authors proposed a surface diffusion
mechanism. In our paper we are using the film-pore
model because the bone char is predominantly meso-
porous enabling the metal ion containing solution to fill
the pores and sorb onto the surface by pore diffusion.

Empirical Equation for Solid Phase Concentration

This method uses single component equations to cor-
relate the multicomponent kinetic data. However, the
sorption of cadmium and zinc ions onto bone char in
multicomponent systems will experience competition
from copper ions. The Langmuir-type equation cannot
be used to correlate the sorption of cadmium and zinc
ions in multicomponent systems except in the case of
cadmium sorption in the Cd-Zn system. Therefore, an
empirical Langmuir-type equation (Eq. (17)) is used
in place of the Langmuir equation (Eq. (9)) to obtain
better fit for the sorption of cadmium and zinc ions.

The Langmuir equation and the empirical Langmuir-
type equation are separately used to correlate the ex-
perimental data. The empirical method, developed in
the present research, utilizes the same equations as in
the single component system except for the calculation
of the solid phase concentration on the sorbent surface.
The most important assumption in the film-pore diffu-
sion model for cadmium and zinc sorption is that the
solid phase concentration of sorbent at radius r can
be calculated by the empirical equation. Therefore, the
solid phase concentration of sorbate is assumed to be
at local equilibrium at radius r. As a result, the lo-
cal equilibrium of the exhausted sorbent is constant
irrespective of the radius at a given time. Hence, the
pore diffusivity is estimated based on the empirical
equation.

Figures 5(a)—(c) show the sorption equilibrium
isotherms for three metal ions in both single and multi-
component systems and the low-concentration region
for the sorption of Cd, Cu and Zn ions onto Bone Char
is shown in Figs. 6(a)—(c). The sorption equilibrium
of copper ions in the multicomponent systems is well
correlated by the Langmuir equation for all systems. In
addition, the sorption of cadmium ions in the Cd-Zn so-
lution shows a very good Langmuir fit isotherm. There-
fore, the Langmuir equation will be incorporated into
the film-pore diffusion model to correlate the kinetic
data in these sorption systems. However, cadmium or
zinc ions are competing with and being displaced by
the copper ions in the multicomponent systems, and so
the empirical Langmuir-type equation has been used to
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Table 3. The parameters of empirical and langmuir-type equations for the sorption of
cadmium, copper and zinc ions onto bone char from single and multicomponent systems.

Cd Cd-Cu Cd-Zn Cd-Cu-Zn
ar (dm3/mg) 1.40 0.33 0.20 0.09
qm (mg/g) 53.7 33.6 38.9 27.5
H (mg/g) - 0.03 - 0.019

Cu Cu-Cd Cu-Zn Cd-Cu-Zn
ar, (dm?/mg) 1.09 0.35 0.187 0.15
gm (mg/g) 45.0 36.2 42.0 30.2
H (mg/g) - - - -

Zn Zn-Cd Zn-Cu Zn-Cd-Cu
ar, (dm3/mg) 0.95 0.19 0.46 0.15
qm (dm3/g) 33.0 22.0 20.4 13.7
H (mg/g) - 0.02 0.04 0.03

correlate the sorption equilibria for cadmium and zinc
ions. The constants for the empirical Langmuir-type
and Langmuir equations are shown in Table 3.

According to Harriott equation (Tien, 1994), the in-
terphase mass-transfer coefficient between liquid and
suspended particles in an agitated vessel, k¢, and the
mass-transfer coefficient of the same particles moving
at their terminal velocity, u, through the same liquid,
k%, may be approximated by the relationship:

kr o
Y00 (20)
k%

To estimate k%, Harriott suggested using the following
equation:

k:d dou 0.5 v 0.33
for pUT
=2.040.6 — 21
Dy, " [ Iz ] |:Dm:| @b

The terminal velocity, u7, may use the correlation of
Nienow (15), given as:

0.153 0.71d1.14A 0.77
ur = g029 p043 4
P29 -

(22)

where g is the gravitational acceleration (980 cm/s?)
and Ap = p, + g,p is the density difference be-
tween the wet particle and the liquid density. The
external mass transfer coefficients of cadmium, cop-
per and zinc ions onto bone char using the Harriott

equation are 2.46 x 1073 cm/s, 2.44 x 1073 cm/s and
2.41 x 1073 cm/s, respectively.

The sorption kinetic curves for the sorption of cad-
mium ions in the binary and ternary systems are shown
in Figs. 7(a)—(c). The concentration effect for the sorp-
tion of cadmium ions in Cd-Cu can be correlated very
well but the mass effect in Cd-Cu, Cd-Zn and Cd-Cu-
Zn systems showed some deviation from the experi-
mental data points. Figures 8(a)—(c) show the sorption
of copper ions from the Cd-Cu, Cu-Zn and Cd-Cu-Zn
systems. The film-pore diffusion model, which incor-
porates the Langmuir equation, can correlate the kinetic
data for copper systems. The concentration effect for
sorption of zinc ions on Bone Char in Cd-Zn, Zn-Cu
and Zn-Cu-Cd systems are shown in Fig. 9(a)—(c). The
Film-Pore diffusion model provides a good correlation
for Zn sorption on Bone Char in Cd-Zn and Cd-Cu-Zn
system as show in Figs. 9(a) and (c) but the correlation
for zinc systems in the Cd-Cu systems are not good
as shown in Fig. 9(b). Tables 4 and 5 show the pore
diffusivities and SSEs values of the multicomponent
systems. The pore diffusivities of the single compo-
nents are higher than the values of binary and ternary
systems. The pore diffusivities in the ternary system
for Cd, Cu and Zn are the lowest values except for
cadmium in the Cd-Zn binary system which is approx-
imately equal to the ternary value. These trends imply
that the diffusion of the individual metal ions is in-
hibited by the other neighboring or competing metal
ions such as the counter diffusion of Ca ions. Never-
theless, overall this model gives a good correlation of
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Figure 7. Concentration and mass effect for the sorption of Cd ions
from Cd-Cu (a), Cd-Zn (b) and Cd-Cu-Zn (c) solutions onto bone
char using the film-pore diffusion equation (Temperature = 20°C,
pH = 4.9, Particle Size = 500-710 ptm).
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Figure 8. Mass effect for the sorption of Cu ions from Cu-Cd (a),
Cu-Zn (b) and Cd-Cu-Zn (c) solutions onto bone char using the film-
pore diffusion equation (Temperature = 20°C, pH = 4.9, Particle
Size = 500-710 pm).
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Figure 9. Concentration effect for the sorption of Zn ions from Cd-
Zn (a), Cu-Zn (b) and Cd-Cu-Zn (c) solutions onto bone char using
the film-pore diffusion equation (Temperature = 20°C, pH = 4.9,
Particle Size = 500-710 pm).

the experimental data for three binary and one ternary
systems.

The molecular diffusivities, D,, of metal ion can
be calculated by the Petr Vanysek equation (Lide and
Frederikse, 1994).

D - RT(* 23
’"_F2<|Z|) @3

The molecular diffusivities of copper, zinc and cad-
mium ions are 6.47 x 10~ cm?/s, 6.37 x 10~° cm?/s
and 6.52 x 107 cm?/s, respectively, which are of a
similar order of magnitude to the effective diffusivities.
The film thickness of metal ion solution onto bone char
and the tortuosity factor for sorbent can be calculated
by Eqgs. (24) and (25)

1 dc AC D,
— N, =—Dp— = —Dp— — Ax = (24)
SA dx Ax f
&
Deff = _po (25)
Tr

where S4 is the external surface area of the sorbent
and Ax is the thickness of the liquid film; ¢, and
T, are intrinsic properties of sorbent, representing its
porosity and tortuosity factor. The calculated film thick-
nesses are equivalent to 2.65 x 1073 cm. According to
Helfferich (1995), the liquid film thickness is around
1073 to 1072 cm for ion exchangers. Therefore, the cal-
culated values are close to the literature values. The tor-
tuosity factors of Cu?*, Zn>* and Cd>* ions are shown
in Table 6. The tortuosity factors of three metal ions are
very close and the average tortuosity factor for these
three system is equal to 2.10 & 0.25.

Seo and Lee (1995) studied the sorption of cadmium,
copper and zinc ions onto CaHAP, and determined val-
ues for the pore diffusivities of 2.95 x 107 cm?/s,
2.88 x 107% cm?/s and 2.77 x 109 cm?/s, respectively.
These values of pore diffusivities are of a similar order
of magnitude to those obtained in the present studies.
The discrepancy of pore diffusivities may be due to the
difference of pore size distribution of the sorbent. The
pore structure of bone char is the intrinsic nature of the
animal bone (see Fig. 2). As the CaHAP is derived from
the precipitation of CaHAP, the pore size distribution
of bone char may be different to CaHAP. Therefore,
the pore diffusivities obtained from Seo and Lee are
different to this research.
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Table 4. The pore diffusivities of multicomponent systems using the film-pore diffusion model and empirical method.

Metal ions  Single component (cm?/sec) ~ Cd-Cu (cm?/sec) ~ Cd-Zn (cm?/sec) ~ Cu-Zn (cm?/sec)  Cd-Cu-Zn (cm?/sec)
Cd 1.14 x 1076 5.14 x 1077 1.98 x 1077 - 2.01 x 1077
Cu 139 x 1076 1.16 x 1076 - 139 x 1076 1.12 x 1076
Zn 1.21 x 1076 - 5.72 x 1077 2.78 x 1077 2.06 x 1077
Table 5. The SSEs (mM? ) for multicomponent systems using the and D.g can be represented by
film-pore diffusion model and empirical method.
i 0Ge.s
Metal ions Cd-Cu  Cd-Zn Cu-Zn Cu-Zn-Cd Dot = Dp + pp D, c (28)
et
Cd (Empirical-FP model) 1.17 1.77 - 1.57
Cu (Empirical-FP model)  0.95 - 2.10 1.61 In the studies of surface diffusion, Darken (1948) pro-
Zn (Empirical-FP model) - 0.90 2.06 0.93 posed the surface diffusion in terms of chemical poten-

Contribution of Surface Diffusion to the Film-Pore
Diffusion Model

In the film pore diffusion process, the effective diffu-
sivity, Deg, is equal to the constant pore diffusivity, D,.
That means the metal ions diffuse along the pore and
adsorb on the sorption sites. If surface diffusion takes
place during adsorption, the effective diffusivity should
be considered as “combined diffusion’:

0C,; 0C, 0Ge.r
BT

N, = D
! eft or 7 ar

(26)

The first term of Eq. (23) represents the diffusion of
sorbate in the pore-liquid. The second term is equal to
the surface diffusion of sorbate migration on the pore
wall. Then Eq. (26) can be factorized in terms of radial
concentration gradient:

27)

8g.. ) 9C.,
N,:(Dp—{—,opD q*’) !

*0C,, ) or

tial, which results in Eq. (29):

dInC,;
D, = D, | ——<L 29
=Dt 29)

The Langmuir isotherm can be used to simplify the
term (f:g"’l in Eq. (27) because this term is equal to the
slope of the adsorption isotherm, therefore, the effec-

tive diffusion can be represented:

('ImaLppr,o

Do = D
o= 1T arCoy)

(30)

Equation (30) is substituted into the film-pore diffu-
sion model to generate the film-pore surface diffusion
model. The results are shown in Table 7. Comparing
the SSEs of the three sorption systems, the film-pore
surface model using in the sorption of copper and zinc
ions can slightly improve the fitting of the experimen-
tal data. The difference of SSEs between the film-pore
and the film-pore-surface diffusion model for the cop-
per and zinc systems are around four percent while
the improvement for the sorption of cadmium ions is
around two percent. The contribution of the surface dif-
fusion to the intraparticle mass transfer is less than 2%
in three metal ions systems. This proved that the pore
diffusion was the main rate-controlling mechanism in

Table 6. The values of molecular diffusivity, film thickness and tortuosity factor for three metal ions.

Cu2+ Zn2+ Cd2+
Molecular diffusivities of ion in solutions (cm?/s) 6.47 x 107° 6.37 x 107° 6.52 x 107°
Calculated film thickness (cm) 2.65x 1073 2.65%x 1073 2.65%x 1073
Tortuosity factor 1.91 2.17 2.34
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Table 7. The pore diffusivities, surface diffusivities and SSE for the film-pore surface

diffusion model at 3 mM.

Cu*t Zn** Ccd*+
D), (cm?/s) 1.39 x 107° 1.20 x 1076 1.14 x 1076
Dy, (cm?/s) 2.4 x 1078 2.7 %1078 1.0 x 1078
Defr (cm?/s)
Film-pore 1.39 x 107° 1.21 x 107° 1.14 x 107°
i v y
Film-pore surface 1.41 x 1076 1.22 x 107° 1.16 x 107°
SSE
Film-pore 2.15 1.28 1.03
v v '
Film-pore surface 2.09 1.23 1.00
the sorption of copper, zinc and cadmium onto bone Gm Monolayer capacity of Langmuir equation
char. (mg/g)
q; Mean equilibrium solid-phase concentration
Nomenclature at time ¢ (mg/g)
r Radius of concentration front of metal ions
ar Langmuir isotherm constant (dm3/mg) penetrating adsorbent (cm)
C, Initial liquid-phase concentration (mg/dm3) R Radius of adsorbent particle (cm)
C, Equilibrium liquid-phase concentration R’ Gas constant (J/mol K)
(mg/dm?) R, Constant in quadratic Eq. (18),
Co Tie line liquid-phase concentration at R, =1 —(@/R®*(W/V) (mg/dm?)
particle surface at time ¢ (mg/dm?) Sa Surface area of sorbent (m?/g)
C, Liquid-phase concentration at time ¢ t Contact time hrs
(mg/dm3) ur Liquid-phase volume (dm?)
(C)exp Experimental values of liquid-phase 174 Liquid-phase volume (dm?)
concentration at time ¢ (mg/dm?) Ax Film thickness (cm)
(C)ca  Calculated values of liquid phase w Weight of sorbent (g)
concentration at time ¢ (mg/dm3) yA The charge on the ion
dy Diameter of sorbent (cm) Relationship between film and intraparticle
Dest Effective diffusivity (cm?/s) diffusion, ¥ = 1 + Degr/(ksR(R — 1))
Dy Molecular diffusivity (cm?/s) A Tonic conductivity of ion (m?s/mol)
D, Pore diffusivity (cm?/s) &p Porosity
Dy, Corrected surface diffusivity (cm?/s) 1 Tortuosity factor
Dy Surface diffusivity (cm?/s) p Particle density (g/dm?)
F Faraday constant n Viscosity of solvent (cp)
H Henry constant (mg/g) v Kinematic Viscosity (cp)
k¢ External mass transfer coefficient (cm/s)
K, Langmuir isotherm constant (dm>/g)
n Number of experiments References
N; Mass transfer rate (mg/s)
qe Equilibrium solid-phase concentration Abdel Raouf, M.W. and A.A.M. Daifullah, “Potential Use of Bone
(mg/g) Charcoal in the Removal of Antimony and Europium Radioiso-
Ge.t Tie line solid-phase concentration at time ¢ Z_Ogilfgrgl;; Radioactive Wastes,” Ads. Sci. Technol., 15(7), 539~
(mg/ g) Bennett, M.C.. and J.C. Abram, “Adsorption from Solution on the
Ge,h Hypothetical equilibrium concentration Carbon and Hydroxyapatite Components of Bone Char,” J. Coll.

on sorbent surface. (mg/g)
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