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ABSTRACT

The rate of removal of di-n-butyl phosphate (DBP) by sorption on activated alumina (AA)
has been studied in batch conditions. The rate of adsorption of DBP is initially rapid for
about 10–20min and reaches a maximum in about two hours. The Langmuir and Freundlich
isotherm equations have been used to describe the partitioning behavior of the system.
Kinetic modeling analysis of the pseudo-first-order, pseudo-second-order, and pore diffusion
model, coupled with the observed Langmuir or Freundlich isotherm equations showed that
pseudo-second-order equation and pore diffusion model to be the most appropriate models
for the description of transport of DBP within AA particles. The agreement between the
model predictions and experimental data indicated that adsorption and diffusion of DBP can
be simulated by the proposed models. From analysis of the experimental kinetic data,
effective diffusivity has also been estimated and is found to be in the range of 10�9 cm2/s.
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1. Introduction

To recover uranium and plutonium from spent
nuclear fuel, tri-butyl phosphate (TBP) diluted with
n-dodecane (NDD) or a hydrocarbon diluent is widely
used as a solvent in the plutonium uranium reduction
extraction (PUREX) process of nuclear fuel reprocessing
plant [1]. The process aims at nearly complete recovery
of uranium and plutonium from fission products in the
spent fuel discharged from the reactor. It is widely
recognized that the TBP and hydrocarbon diluents are
degraded due to hydrolytic and radiolytic reactions,
forming activity-binding degradation products that can
cause product losses, poor separation efficiencies, and
emulsions which could interfere with process

operations [2–5]. The primary degradation products (i.e.
dibutyl phosphate, monobutyl phosphate, phosphoric
acid, and butanol) are produced from the hydrolytic
and dealkylation reactions of the TBP when contacted
with nitric acid at relatively high temperatures. The
secondary degradation products (nitroparraffins, alde-
hydes, ketons, and carboxylic acids), on the other hand
are originated from the radiolytic reactions of diluents
when exposed to intensive radiation [6–12]. Hence, the
solvent needs to be purified before it is recycled back to
process. In the PUREX process, the spent solvent is
continuously regenerated by scrubbing with sodium
carbonate/hydroxide and phosphoric acid solutions
after each pass through the process and most of the
radioactivity belonging to primary degradation
products is removed [13,14]. Residual activity due to
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secondary degradation products, however, cannot be
removed by these washing solutions as these long-chain
soluble organic compounds tend to remain in the
solvent even after scrubbing with carbonate washing
solutions to again complex fission products when the
solvent is recycled [13,14]. Thus, other methods such as
vacuum distillation [15–17], steam stripping, and flash
distillation [18–20] have been reported to be effective
techniques, but they are limited by the maximum
allowable distillation temperature that could lead to
significant decomposition of the TBP tar residues.
Several investigators have studied an adsorption-based
solvent cleanup process to improve recycle solvent
performance [21–26]. These studies have shown that
solid adsorbents such as activated alumina (AA) and
base-treated silica gel have the potential for removal of
some of the activity-binding degradation products.

Adsorption is one of the most reliable and versatile
physical treatment, whose effectiveness and economic
sustainability is related to the type of sorbent. AA is
widely used adsorbent for many applications because
of the chemical properties of its surface. It is highly
porous in nature and has high surface area
(150–350m2/g). Alumina, owing to its amphoteric
properties (acting either as a base, acid, or neutral pH)
provides chromatographers an able adsorbent to sepa-
rate a multitude of compounds, surpassing the results
achievable with silica gels. This means alumina can act
as a weak ion exchanger exhibiting anionic or cationic
properties, in addition to acting as an adsorbent.

An understanding of the adsorption kinetics of
di-n-butyl phosphate (DBP) within AA particles will
insure a better prediction of the transport behavior of
DBP in columns. No information related to the descrip-
tion of both adsorption equilibrium and kinetics of
DBP within AA particle is available in the literature.

In the present study, fundamental aspects of
adsorption equilibrium and kinetics of DBP on AA
have been investigated to show the mechanistic aspect
of the process. Sorption data have been correlated
with the Langmuir and Freundlich isotherm models.
Experiments were conducted to determine the adsorp-
tion kinetics for di-butyl phosphate and pseudo-first-
order, pseudo-second-order, and pore diffusion model
have been used to interpret the observed experimental
adsorption kinetic data. Based on the results, pore dif-
fusion coefficient and intraparticle effective diffusivity
of DBP in AA have been estimated.

2. Transport mechanism of solute in sorbent (Batch
kinetic studies)

Adsorption is a surface phenomenon, but it also
involves the transfer of solute from one phase to

another. Various adsorption kinetic models have been
adopted to describe the behavior of batch sorption
process under different experimental conditions
[10–11]. Sorption kinetics are however controlled by
the following steps: (1) external mass transfer of solute
from bulk solution to the outer surface of particles
(film diffusion), (2) diffusion of solute from the
sorbent surface to the pores of the particles, and (3)
the adsorption of solute on the active sites of the pore
surface. Fig. 1 shows the schematic representation of
solute transfer into the adsorbent phase.

A nonlinear concentration profile is expected
within the sorbent phase because adsorption and
diffusion occur simultaneously inside the particle.
Contribution of intraparticle diffusion mechanism can
be tested by applying the Webber and Morries
equation [27]. According to intraparticle diffusion
mechanism, the plot of the amount adsorbed (q) ver-
sus square root of time should be linear. If intraparti-
cle diffusion is involved in the adsorption process,
then the plot of square root of time versus the uptake
would result in a linear relationship passing through
origin, and the intraparticle diffusion would be the
controlling step. If the plot does not pass through the
origin, then this is indicative of some degree of
boundary layer control. Further, it shows that the
intraparticle diffusion is not the only controlling step
and there may be other processes that may control the
rate of adsorption. If the plots are not totally linear
and not passing through origin, then intraparticle
diffusion could not be the only mechanism involved.

2.1. Mathematical model for the transport of solute from
the solution into adsorbent phase

Development of model equations is based on the
following assumptions: (1) diffusivity is constant at
constant temperature and pressure, (2) AA grains are
considered as spherical and porous, (3) the adsorption
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Fig. 1. Schematic representation of solute into the
adsorbent phase.
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sites are uniformly distributed throughout the grains,
and (4) the external mass transfer coefficient and
diffusivity are constant for the range of solute concen-
trations under consideration.

The rate of DBP concentration change in the bulk
solution is proportional to the concentration difference
between the bulk phase and the outer surface of the
particle. The mass balance in the bulk liquid phase
describes the relation between the decreasing solute
concentration in solution phase and mass transfer into
the solid phase and can be written as [28]:

�@C

@t
¼ 3Mpkf

VRqp

ðC� CsÞ ð1Þ

where C is the bulk concentration of solute in the
solution phase, and Cs is the concentration of solute at
the outer surface of the spherical particle. R represents
the radius of the particle, qp is the density of powder,
Mp is the total mass of the particle, V is the volume of
solution used in the batch reactor, and kf is the exter-
nal mass-transfer coefficient. Here, mass flow rate of
solute through external film is proportional to the
concentration difference between bulk phase DBP
concentration (C) and DBP concentration at the parti-
cle surface Cs (Rp, t).

The mass balance of DBP within a spherical parti-
cle at a distance r from the center of particle is given
as (from Fick’s 2nd Law of diffusion in spherical
co-ordinate):

ep
@Cr

@t
þ qp

@qr
@t

¼ De
1

r2
@

@r
r2
@Cr

@r

� �
ð2Þ

where De is the effective diffusivity of solute within
the particle (could be treated as a combination of pore
diffusion and surface diffusion), ep is the porosity, Cr

is the solution concentration of DBP within the pores
of alumina particle, and qr is the solid phase concen-
tration of DBP. The first and second terms on the left
hand side of Eq. (2) give accumulation of DBP in the
void space of the adsorbent particles and solid phase,
respectively.

The Langmuir isotherm qr ¼ qmKLCr

1þKLCr

� �
can be used

for the correlating of Cr and qr. Then Eq. (2) becomes

@Cr
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1

r2
@
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The initial and boundary conditions can be written
as:

t ¼ 0 :C ¼ C0; Cr ¼ 0 ð4Þ

r ¼ 0 :
@Cr

@r

� �
r¼0

¼ 0 ð5Þ

r ¼ R : kfðC� CSÞ ¼ De
@Cr

@r

� �
r¼R

ð6Þ

Eqs. (1–6) are solved numerically by converting
them into dimensionless coupled-ordinary differential
equations by finite difference methods in order to
obtain concentration profiles in the particle (solution
procedure is described in Appendix A).

2.2. Other kinetic models

2.2.1. Pseudo-first-order kinetic model

Lagergren’s equation [29] was the first kinetic
equation used extensively to describe the sorption
kinetics of sorption of liquid/solid system. This model
assumes that the rate of change of solute uptake is
directly proportional to the difference in saturation
concentration and the amount of solid uptake with
time. Lagergren’s first-order rate equation is called
pseudo-first-order equation and the equation is

dq

dt
¼ k1ðqe � qÞ ð7Þ

where q and qe in mol/g are the amount adsorbed at
time t and at equilibrium, respectively, and k1 is the
pseudo-first-order rate constant, (min�1) for the
adsorption. After integration and applying boundary
conditions at t ¼ 0: q= 0, and at t ¼ t: q= q the inte-
grated form of Eq. (7) becomes

lnðqe � qÞ ¼ ln qe � k1t ð8Þ

The plot of lnðqe � qÞ vs. t gives a straight line for
first-order kinetics, which allows computation of the
adsorption rate constant, k1.

2.2.2. Pseudo-second-order kinetic model

A pseudo-second-order model [30] also describes
the sorption kinetics. The differential equation for the
pseudo-second-order kinetic model is given by:

dq

dt
¼ k2ðqe � qÞ2 ð9Þ

where k2 is the equilibrium rate constant of pseudo-
second-order sorption and its unit is (g/mgmin). The
observed second-order rate constant k2 is also
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expected to be dependent on the pore diffusion
parameters, initial adsorbate concentration, and the
amount of adsorbent charged to the adsorber.
Integrating Eq. (9) for the boundary conditions t ¼ 0
to t ¼ t and q= 0 to q= q gives:

t

q
¼ 1

k2q2e
þ 1

qe
t ð10Þ

If pseudo-second-order kinetics is applicable, the
plot of t/q vs. t gives a linear relationship, which
allows computation of k2 and qe from the intercept
and slope of the plot.

3. Experimental

3.1. Adsorption isotherm measurements

All chemicals and reagents used were of analytical
grade. The characteristics of AA are reported in
Table 1.

For the measurement of adsorption isotherm, a
known volume (V) of the organic (30 vol. % TBP)
having DBP concentration of C0 was placed in a well-
stirred vessel. A weighed amount of AA was added to
it. The content of the vessel was mixed for about one
hour and then allowed to settle for about four hours
by which time the solution concentration reached an
equilibrium value. The solution was then sampled,
centrifuged, and analyzed for DBP concentration by
Ion Chromatography. The experiment was repeated by
taking different volumes of solution having same
concentration or different amount of adsorbent.

3.2. Adsorption rate measurement

The influence of contact time of DBP onto the
surface of alumina particle was studied in a separate
experiment by measuring the change in the concentra-
tion of DBP in solution with time. Liquid samples
were withdrawn at regular intervals and analyzed for

DBP concentration until an equilibrium value was
attained. Samples were drawn more frequently in the
initial phase of the experiment than towards the end,
to achieve suitable distribution of the measured
concentration. Sample size was 1mL at higher concen-
tration and up to 2mL at lower concentration. About
eight samples were taken but the system was treated
as being at constant volume in evaluating the results.

3.3. Analytical method

Quantitative analysis of DBP in the solution was
done by using Metrohm-make modular Ion Chromato-
graph equipped with 819 IC detectors, 820 IC separa-
tion center, 818 IC pump (Isocratic), 833 IC liquid
handling unit, and 830 IC interface. The sample was
injected through a 20ll PEEK (Polyetheretherketone)
loop fitted with the injector. IC net 2.3 Metrohm
software was used for instrument control and data
acquisition. Metrosep A Supp 5–250, 250mm(L)�
4mm(ID) with Guard column Metrosep A Supp 4/5
was used for separation. About 3.2mM
Na2CO3+ 1.0mM NaHCO3 with a flow rate of 0.7mL/
min was used as eluent.

To determine DBP in the organic solution, the
sample was treated with 1% sodium carbonate and
sodium hydroxide mixture; the contents were mixed
well and allowed to settle and a known aliquot of the
aqueous phase was then taken in a 100mL standard
flask and made up to the mark with high purity
water. The aqueous phase was injected through 20 ll
PEEK loop and subsequent ion-exchange separation in
anionic column followed by suppressed conductivity
detection chromatograms were obtained. The peak
area thus obtained for the samples were compared
with that of the standard for the estimation of DBP
concentration in organic phase.

4. Results and discussion

4.1. Adsorption isotherm

Equilibrium data are commonly reported in the
form of an isotherm, which is a diagram showing the
variation of the equilibrium adsorbent phase concen-
tration with the fluid phase concentration at a fixed
temperature. The equilibrium amount of DBP on AA
is determined from the difference between feed con-
centration and equilibrium concentration and is given
by [31]:

qe ¼ VðCo � CeÞ
MP

ð11Þ

Table 1
Characteristics of activated alumina

Adsorbent Activated alumina from E-Merck

Surface area (BET) �155m2/g

Avg. particle size �150mesh

Pore diameter 58 Å

Porosity �28%

Bulk density 1.056 g/cm3

Fe2O3 0.02 (% max)

SiO2 0.02 (% max)
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where Mp is the mass of adsorbent used. A series of
experimental points for the adsorption of DBP on AA
are plotted to give the adsorption isotherm (i.e. amount
of DBP adsorbed per unit mass of alumina at equilib-
rium versus the final concentration of the respective
solution) which is depicted in Fig. 2. The isotherms are
regular, positive, and concave to the solution phase
concentration axis. The initial rapid adsorption gives
way to a slow approach to equilibrium at higher adsor-
bate concentration. Two commonly used mathematical
expressions to describe adsorption equilibria namely:
Langmuir and the Freundlich isotherm models were
tested with experimental data.

4.1.1. Langmuir model

The Langmuir model [32] is a theoretical approach
that was originally applied to gas adsorption on to sol-
ids but can also be used for adsorption from solutions.
This model assumes that every part of the adsorbent
surface has the same energy of adsorption, adsorption
at local sites without interactions between adsorbate
molecules and the amount adsorbed is confined to
monolayer. The Langmuir model is expressed as:

qe
qm

¼ KLC

1þ KLC
ð12Þ

where KL is the Langmuir isotherm constant and qm is
the capacity of the adsorbent for mono-layer coverage
and these are evaluated through linearization of Eq.
(12).

1

qe
¼ 1

qm
þ 1

qmKLC
ð13Þ

The slope and intercept of the plot (1/qe) vs (1/C)
give the value of KL and qm which were found to be
3.4364� 106 cm3/mol and 3.8545� 10�4mol/g, respec-
tively.

4.1.2. Freundlich model

Eq. (14) is attributed to Freundlich [33], is an
empirical and nonlinear in concentration (pressure)
and is generally used for liquid system:

qe ¼ KFC
1=n ð14Þ

where KF and n are constants and logarithmic lineari-
zation of Eq. (14) facilitates the determination of
model constants KF and n. The numerical values of
these constants for the present work are 0.0015 and
4.1455, respectively. The Langmuir model of isotherm
fits the experimental data better than Fruendlich
model as is observed from Fig. 2.

4.2. Comparison of experimental and the model predicted
results

The time dependence of the rate of adsorption of
TBP on AA at different feed concentrations was
obtained by batch contact-time experiments. Fig. 3
shows the results of contact time experiments. It is
observed that the equilibrium time is independent of
initial concentration of adsorbate in solution and is
established in about two hours.

The model Eqs. (1) and (3) describing the transport
of DBP from solution phase to AA particles was
solved numerically by the fourth-order Runge–Kutta
method using ODE-45 solver of MATLAB software.
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0

1

2

3

x 10-4

Ce  [mol/cm3 ]

q e  [
m
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/g

]

Exp.
Langmuir
Freundlich

Fig. 2. Equilibrium data of DBP on activated alumina.
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kf  : 1.2x10-3 cm/s

Fig. 3. Comparison of experimental data and simulation
results for DBP adsorption on activated alumina.
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The agreement between the experimental results and
the model predicted values (as illustrated in Fig. 3) is
found to be good. The external mass transfer (kf) and
the effective diffusivity (De) are the two unknown
parameters which are estimated by superimposing the
experimental data on to the diagrams of numerical
solution of model equations (Fig. 3). The following
algorithm was employed to find De and kf: at the first
step the value kf = kf

(0) was fixed and De value was
varied to obtain the best fit of the results of numerical
solution of Eqs. (7) and (8) to the experimental curves
for batch adsorption and De

(1) was determined. Subse-
quently, De=De

(1) was fixed and the value of kf was
varied to obtain the best fit again to the experimental
curves to obtain kf

(1). In the second step, kf= kf
(1) was

fixed in the same way to define De
(2) and kf

(2). This
step was repeated until an acceptable accuracy is
attained to get the optimal De and kf values. The value
of effective diffusivity (De) was found to be
1.4� 10�9 cm2/s.

Sensitivity analysis for the changes of kf and De

was performed. Fig. 4 represents the effect of kf on
model prediction results. If kf is 10–100 times smaller
than the estimated value 1.2� 10�3 cm/s, then the
initial removal rate of DBP is slower. However, when
kf value exceeds the estimated value, the removal rate
remained unchanged. Because the external mass trans-
fer is sufficiently fast for DBP removal, the increase in
the external mass transfer coefficient has no influence
on the entire removal process.

Fig. 5 shows the effect of diffusivity. If De value is
10–100 times higher than the specified value
(1.4� 10�7 cm2/s), then the removal rate becomes
faster. However, when De is smaller than the

estimated value, the removal rate is almost similar to
that of estimated value. Thus, from simulation it was
observed that effect of De on removal rate is less
sensitive in comparison to the external mass transfer
coefficient.

A comparison between the experimental and
calculated values using pseudo-first and second-order
kinetic model for the amount of DBP adsorbed on AA
with time is made in Fig. 6. A good agreement
between experimental and prediction data based on
pseudo-second-order model was noticed, while
pseudo-first-order kinetic model does not fit the
experimental data.

Fig. 7 shows the curve fitting plots of pseudo-sec-
ond-order model for the estimation of rate constant, k2
of the model and equilibrium concentration (qe) of
solute in adsorbent phase.
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]
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pseudo-2nd order
Exp. (1211.3 mg/L)
pseudo-2nd order
pseudo-1st oder
pseudo-1st order

Solution volume: 300 mL
Amount of adsorbent: 5 g

Fig. 6. Comparison between experimental and calculated
values using pseudo-first-order and pseudo-second-order
kinetic model of amount of DBP adsorbed on activated
alumina with time.
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Fig. 4. Effect of external mass transfer coefficient on model
prediction.
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Fig. 5. Effect of effective diffusivity on model prediction.
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The values of k2 and qe obtained for different
initial concentration of DBP in organic phase using
this model are presented in Table 2. From Table 2, it
is observed that the rate constant k2 is nearly indepen-
dent of initial adsorbate concentration in the feed
solution.

4.3. Another simplified method for effective diffusivity

For the measurement of the diffusion coefficient in
solid, one of the several commonly used methods
involves recording the concentration history of the
solution during transport of solute from a constant
volume of solution onto adsorbent particles. On the
other hand, solution of the diffusion equation with
appropriate boundary conditions provides a theoreti-
cal expression for the fractional uptake of solute in
terms of the variable Det. Comparison of experimental
curve with the theoretical one, gives diffusion
coefficient.

For batch adsorption of solute on spherical parti-
cles, it has been reported that for (q/qe) < 0.3 and for a
system with constant diffusion coefficient, the solution
of diffusion equation based on Fick’s second law can
be approximated as [31,34]:

qðtÞ
qe

¼ 6

R

Det

p

� �0:5

ð15Þ

or

qðtÞ ¼ 6qe
R

Det

p

� �0:5

ð16Þ

In general, mechanism of the adsorption process
can be determined by plotting the amount adsorbed
(q) against square root of time (t1/2) [35]. It is noticed
in Fig. 8 that the plot of amount adsorbed vs t1/2 can
be classified into three portions. Two linear and one
curved portion and the transition depend on
adsorbate concentration and type of adsorbent. The
first linear portion signifies instantaneous adsorption
stage. The spherical particles of adsorbent are consid-
ered to be surrounded by a boundary layer of fluid
film through which solute must diffuse prior to exter-
nal adsorption on the adsorbent surface. This step is
responsible for the first section. The second portion of
the plot represents intraparticle diffusion step and the
third linear portion is the final equilibrium stage. In
this step, the concentration of solute on the adsorbent
surface starts to decrease which results in the decrease
of diffusion rate.

In the batch mode process where sufficient turbu-
lence is provided by means of high degree of agita-
tion, pore diffusion in addition to surface adsorption
is often the rate-limiting step. In the present investiga-
tion, since, sufficient mixing of organic solution
containing DBP and porous alumina powder was
provided, it is likely that pore diffusion is the rate
limiting step. The slope of the intermediate linear
portion of the plot, t1/2 vs. q provides intraparticle
effective diffusion coefficient as per the Eq. (16).

The values of De calculated using numerical simu-
lation are listed in Table 3 along with those calculated
using Eq. (15). A marginal variation is observed in the
values of effective diffusion coefficient calculated
using the two different methods.

It is to be noted that relation given by Eq. (15) is
an approximation, which is valid over a small range
of time and for a system of constant diffusion coeffi-
cient. Often the diffusion coefficient of dilute solutions
can be assumed as constant for practical purposes and
this relation can be used for the estimation of
intraparticle effective diffusion coefficient. The time

0 50 100 150 2000
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Volume of soln.: 300 mL
Amount of adsorbent: 5 g

Fig. 7. Plot of t vs. t/q for the estimation of k2 and qe.

Table 2
Kinetic parameters for the adsorption of DBP on activated alumina

S. no. Feed concentration (mol/L) Adsorbent mass (g) k2 (gmol�1min�1) qe (mol/g)

1 1211.2mg/L 5 355.973 3.173E-04

2 885.3mg/L 5 364.768 2.363E-04
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period over which the diffusion coefficient (De) was
calculated using Eq. (15) varied approximately
between two to three minutes.

5. Conclusion

Equilibrium and kinetics of sorption of DBP on
AA for the removal from organic solvent (30 vol.%
TBP in NDD) have been carried out experimentally.
Theoretical models were evolved to explain experi-
mental data. Following conclusions could be drawn
from the results of the present investigation:

(1) The adsorption isotherm has been correlated
using Langmuir and Freundlich model of
adsorption. The Langmuir isotherm fits well
with experimental data.

(2) The mechanism of adsorption involves an ini-
tial rapid rate for the removal of DBP due to
surface diffusion followed by intrapaticle diffu-
sion. At later stages, rate of adsorption of DBP
decreases with time. This is possibly due to the
decreased concentration gradient.

(3) The diffusion model was numerically assessed
and there was conformity between theoretical

prediction and batch experimental data. Fur-
thermore, theoretical values of De and kf were
estimated from diffusion model.

(4) Kinetic modeling analysis of the pseudo-first-
order, pseudo-second-order, and pore diffusion
model, coupled with the observed Langmuir or
Freundlich isotherm equations showed that the
pseudo-second-order equation and pore diffu-
sion model have been found to be most appro-
priate models for the description of transport of
DBP within AA particles.
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Nomenclature

C — bulk solution concentration of DBP at any time t,
(mol/cm3)

Ce — equilibrium concentration of DBP (mol/cm3)

Ci — interfacial concentration of DBP (mol/cm3)

C0 — initial concentration of DBP in solution (mol/
cm3)

Cr — pore liquid concentration of DBP at any time t
(mol/cm3)

Cs — concentration of DBP at the particle surface
(mol/cm3)

De — effective diffusivity (cm2/s)

k1 — pseudo-first-order rate constant for the
adsorption (min�1)

k2 — pseudo-second-order sorption (g/mg min)

kf — external mass transfer coefficient (cm/s)

KF — Freundlich constant (mol(n�1)/n.cm(3/n)/g)

KL — Langmuir isotherm constant (cm3/mol)

Mp — mass of the particle (g)

n — Freundlich constant

q — amount adsorbed at time t (mol/g)

qe — amount adsorbed at equilibrium (mol/g)

qm — maximum adsorption capacity on solid phase for
monolayer formation (mol/g)

qr — solid phase concentration of DBP at any time t
(mol/cm3)

r — radial distance from the center of the particle
(cm)

R — radius of the particle (cm)

V — volume of the solution (mL)

t — time (s)

qp — density of the particle (g/cm3)

ep — porosity of the particle

0 3 6 9 12 15
0

1

2

3

4 x 10-4

Time0.5  [min.0.5]

q 
[m

ol
/g

]

885.4 mg/L
fitted line
1211.3 mg/L
fitted line

Fig. 8. Amount of DBP adsorbed on activated alumina
from organic at two different concentrations against square
root of time.

Table 3
Values of diffusion coefficient calculated from numerical
simulation and using Eq. (15)

Co (mg/L) De (cm
2/s)

885.3mg/L 1.4� 10�9 [numerical simulation]

885.3 3.2� 10�9 [Eq. (15)]

1211.4 5.4� 10�9 [Eq. (15)]
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Appendix A

The mass flow rate of solute through external film is
proportional to the concentration difference between
bulk phase DBP concentration (C) and DBP concentra-
tion at the particle surface Cs (Rp, t)

�@C

@t
¼ 3Mpkf

VRqp

ðC� CsÞ ðA1Þ

The mass balance of DBP within a spherical particle
is given as:

ep
@Cr

@t
þ qp

@qr
@t

¼ De
1

r2
@

@r
r2
@Cr

@r

� �
ðA2Þ

The Langmuir isotherm qr ¼ qmKLCr

1þKLCr

� �
can be used for

the correlating of Cr and qr. Then Eq. (A2) becomes

@Cr

@t
¼ De

ep þ ðqpKLqmÞ=ð1þ KLCrÞ2
1

r2
@

@r
r2
@Cr

@r

� �
ðA3Þ

The initial and boundary conditions can be written
as:

t ¼ 0 :C ¼ C0;Cr ¼ 0 ðA4Þ

r ¼ 0 :
@Cr

@r

� �
r¼0

¼ 0 ðA5Þ

r ¼ R : kfðC� CSÞ ¼ De
@Cr

@r

� �
r¼R

ðA6Þ

Eqs. (A1 and A3) can be written into dimensionless
form as:

� @X

@h
¼ Bi

3Mp

Vqp

ðX � XSÞ ðA7Þ

@X

@h
¼ 1

eþ ðqpKLqmÞ=ð1þ KLC0XrÞ2

� 2

X

Xr

@X
þ @2Xr

@x2

� �

¼ ar
1

x2
@

@x
x2

Xr

@x

� �
ðA8Þ

and the initial and boundary conditions are:

h ¼ 0 :X ¼ 1;Xr ¼ 0 ðA9Þ

x ¼ 0 :
@Xr

@x

� �
x¼0

¼ 0 ðA10Þ

x ¼ 1 :
@Xr

@x

� �
x¼1

¼ BiðX � XSÞ ðA11Þ

The dimensionless parameters are defined as:

X ¼ C

C0

; Xr ¼ Cr

C0

; x ¼ r

R
; h ¼ tDe

R2
;

and _Bi ¼ kfR

De

ðA12Þ

For solving set of partial differential Eqs. (A7) and
(A8) they are changed to coupled ordinary differential
equations by finite difference methods as follows:

dXi

dh
¼ aðiÞ Xiþ1 � 2Xi þ Xi�1

ðDxÞ2 þ Xiþ1 � Xi�1

xiDx

" #
ðA13Þ

Applying the boundary conditions (A10) and (A11),
Eq. (A12) becomes at the center of the particle, i=1,

dXi

dh
¼ að1Þ 2ðX2 � X1Þ

ðDxÞ2
" #

½since;atx¼0;X2¼X0�
ðA14Þ

at the surface of the particle, i= 1,

dXN

dh
¼ aðNÞ 2XN�1 þ 2�xBiðX � XNÞ � 2XN

ð�xÞ2 þ BiðX � XNÞ
" #

ðA15Þ

The total N+1 coupled ordinary differential equa-
tions for X, X1, X2, … are to be solved numerically in
order to obtain concentration profiles.
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