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Abstract
In present work, the batch kinetic adsorption of ethanol on a commercial activated carbon was experimentally investigated and
mathematically modeled in order to estimate effective diffusion and average film mass transfer coefficients. The effects of
adsorbent loading, ethanol initial concentration and adsorbent particle size were studied. Two kinetic models were fitted to the
experimental data. The results showed that the adsorption of ethanol on activated carbon is controlled by pore diffusion
resistances. In addition, results showed that with increasing the initial concentration of ethanol in the bulk phase, the effective
diffusion mass transfer slightly increased. Increasing the particle size and adsorbent loading slightly decreased the effective
diffusion mass transfer. The average film mass transfer coefficient was increased by increasing initial ethanol concentration and
decreased by increasing particle size and adsorbent loading. The estimated effective diffusion mass transfer coefficient was in the
range of 2.47-3.17 × 10−10 m2/s and average film mass transfer coefficient was in the range of 2.11-2.44 × 10−6 1/s for different
experimental conditions.

Nomenclature
A Total external surface area of all adsorbent

particles (m2/g)
C Intraparticle diffusion constant related to the

boundary layer thickness (g/g)
C0 Initial concentration of ethanol added to

the vessel (kg/m3)
Cb Solute bulk concentration (kg/m3)
Ccal

i Estimated concentration from the model (kg/m3)
Cexp

i Experimental concentration (kg/m3)
CP|r = Rp Solute concentration at the surface of the

adsorbent (kg/m3)
Ct Ethanol concentration in time t (kg/m3)
Deff Effective diffusivity that incorporated pore and

surface diffusion (m2/s)
J|R Rate of mass transfer into the particles
K Langmuir isotherm constant (m3/kg)
Kf Average film mass transfer (m/s)
kid Intraparticle diffusion rate constant (g g−1 min−0.5)
ma Mass of activated carbon adsorbent added

to the vessel (g)

ms Volume of the initial solution (m3)
Nexp Number of experimental data points
q Rate of adsorption that takes place on the

adsorbent (g/g)
qm Langmuir isotherm constant (g/g)
qt Amount of solute adsorbed at time t (g/g)
r Radial direction (m)
Rp Particle radius (m)
t Time (s)
V Volume of the vessel (m3)
Greek symbols
α Is the exterior particles surface area per volume

of pellet (m2 external area/m3 particles)
ρa Adsorbent density (kg/m3)
ε Bed porosity

1 Introduction

Liquid phase adsorption of bioethanol from the effluent of the
fermentation process is a promising technique for production
of fuel-grade bioethanol and reducing cost and energy require-
ment of the process [1–5]. Development of such process re-
quires precise knowledge of adsorption phenomena that oc-
curs inside the adsorbents particles and also the dynamics of
flow inside of the packed bed column [2]. Adsorption iso-
therm, overall mass transfer, and kinetics of adsorption have
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a key role in developing such processes [3, 6, 7]. The overall
mass transfer coefficient can be determined from theoretical
and empirical correlations to some extent but not always ac-
curate. Estimation of overall mass transfer coefficient from
mathematical correlations for dynamic ethanol adsorption on
silicalite [8], activated carbon [4, 9] and a polymeric resin [10]
in a fixed bed column are presented in the literature. However,
some researches have been conducted to determine overall
mass transfer coefficient of water and ethanol in vapor phase
adsorption into activated carbon and zeolites [11–13] while a
few researches have been conducted to estimate the overall
mass transfer coefficient of ethanol into different adsorbents in
liquid phase [1, 3, 7, 14]. Modeling of experimental batch
adsorption kinetic on calcined Na-ZSM5 [14], and activated
carbon [3, 15] were reported in the literature. The overall mass
transfer coefficient that obtained from experimental batch ki-
netic data was subjected to the assumptions of pore or surface
diffusion of ethanol into the adsorbent pores while in reality,
both surface and pore diffusion have attributed to the mass
transfer mechanism and must be considered in the modeling
of batch kinetic of adsorption.

Therefore, in this study, the mass transfer coefficients of
ethanol adsorption on activated carbon are determined by
using experimental batch adsorption data that are fitted to
mathematical kinetic models. In order to validate the results,
they were compared with similar available data in literature.

2 Experimental procedure

2.1 Reagents

Activated carbon was purchased from Chem-LAB®. Ethanol
(99.99 wt%) was purchased from SAMCHON Co..

2.2 Kinetic ethanol adsorption procedure

The activated carbon used in this study is charcoal base and
properties of this adsorbent are presented in Table 1.

The activated carbon has particle sizes in range of 0.2 to
3 mm. In this study, adsorbent particles were meshed and
separated in different particle sizes. For each experiment, a
predetermined amount of adsorbent placed in a vial at the
thermos-stated bath with magnet stirring. Then 10 g
(±0.002 g) of ethanol/water mixture was introduced into the

vial and stirred. At specific intervals about 2 μL of the sample
was driven from the vial and then analyzed by gas chromato-
graph (FID detector, Yinglin 6100 series).

The amount of adsorbed ethanol is calculated according to
the following equation:

qt ¼
ms C0−Ctð Þ

ma
ð1Þ

where qt is the amount of ethanol adsorbed in time t, ms is the
volume of the initial solution, C0 is the initial concentration of
ethanol added to the vessel, Ct is the ethanol concentration in
time t, ma is the amount of activated carbon adsorbent added
to the vessel. The mass of the solution in contact with adsor-
bent assumed to be constant due to the very small amount of
solution taken for concentration analysis.

2.3 Mathematical modeling of kinetic of adsorption

2.3.1 Pore diffusion model

Mathematical modeling of a batch adsorption system in-
cludes diffusion of solute from bulk phase to the surface
of the adsorbent particle, the intraparticle diffusion of sol-
ute molecules into the adsorbent pores and also adsorption
of the solute into the surface of the solid [16]. Different
formulations were proposed for adsorption inside the par-
ticles pores based on the adsorption mechanism such as
pore diffusion, surface diffusion and pore and surface dif-
fusion [16].

Solute mass balance in bulk phase Due to the constant total
amount of solute in the batch vessel, the rate of mass change of
solute in liquid balk is equal to the amount of mass adsorbed
into the adsorbent particles. This can be expressed as eq. (2):

V
∂Cb

∂t
¼ −AJ

����
R

ð2Þ

where V is the volume of the vessel, Cb is the solute bulk
concentration, t is time, A is the total external surface area of
all adsorbent particles and J|R is the rate of mass transfer into
the particles. For homogenous size and spherical particles, eq.
(2) can be written in the form of eq. (3) [3]:

∂Cb

∂t
¼ −

1−ε
ε

K f α Cb−Cp
��
r¼Rp

� �
ð3Þ

Table 1 The properties of the
activated carbon adsorbent properties Surface area

[m2]
Particle diameter
[mm]

Average pore diameter
[nm]

Pore volume
[cm3/g]

Chem-LAB ® activated carbon 925 0.2-3 1.56 0.32
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where ε is the bed porosity, Kf is the average film mass trans-
fer, CP|r = Rp is the solute concentration at the surface of the
adsorbent and αis the exterior particles surface area per vol-
ume of pellet (m2 external area/m3 particles).

Solute mass balance inside the adsorbent pore Inside the
pores, mass transfer occurs by pore and surface diffusion. In
order to account for both phenomena, the following equation
is proposed [17]:

ε
∂Cp

∂t
¼ Deff

1

r2
∂
∂r

r2
∂Cp

∂r

� �� �
−ρa 1−εð Þ ∂q

∂t
ð4Þ

where Deff is effective diffusivity that incorporated pore and
surface diffusion, ρa is the adsorbent density and the q is the
rate of adsorption on the surface of the pores.

The rate of adsorption can be related to the Cp accord-
ing to an isotherm model such as Langmuir or Freundlich.
However, it is shown that Langmuir isotherm predicted
experimental isotherm data better than Freundlich iso-
therm [4]. Therefore, in this study, the Langmuir isotherm
was employed as follows:

q ¼ qmKCp

1þ KCp
ð5Þ

where K and qm are isotherm constants. If adsorption re-
action occurs so rapidly, the pore diffusion becomes the
rate controlling step and the adsorption can be assumed
instantaneous. By local equilibrium assumption, one can
write the following expression [3, 12, 13, 17]:

∂q
∂t

¼ ∂q
∂Cp

∂Cp

∂t
ð6Þ

By applying Langmuir isotherm as stated in eq. (5), the
following equation can be derived:

∂q
∂t

¼ Kqm
1þ KCp
� �2 ∂Cp

∂t
ð7Þ

Substituting eq. (7) into eq. (4) yields following expression:

εþ ρa 1−εð Þ bqm
1þ bCp
� �2

" #
∂Cp

∂t

¼ Deff
1

r2
∂
∂r

r2
∂Cp

∂r

� �� �
ð8Þ

Equation (3) only needs one initial condition and eq. (8) is
subjected to one initial and two boundary conditions. The
initial and boundary conditions for these equations are pre-
sented as follows:

@t ¼ 0;Cb 0ð Þ ¼ C0 ; Cp r; 0ð Þ ¼ 0 ð9Þ

∂Cp

∂r

����
r¼0

¼ 0 ð10Þ

−Deff
∂Cp

∂r

����
r¼Rp

¼ K f Cb−Cp
��
r¼Rp

� �
ð11Þ

2.3.2 Intraparticle diffusion

The intraparticle diffusionmodel can determine the possibility
of intraparticle diffusion resistance that may affects the ad-
sorption process [18]. This model is expressed as follows:

qt ¼ kid:
ffiffi
t

p þ C ð12Þ
where the qt is the amount of solute adsorbed at time t, kid is
the intraparticle diffusion rate constant (g g−1 min−0.5) and C is
a constant related to the boundary layer thickness (g/g).

2.3.3 Numerical solution

Due to the nonlinearity of the model equations a numerical
solution was employed. The pore diffusion model equations
(i.e. equations (3) and (8)) with related initial and boundary
conditions (eqs. (9), (10) and (11)) were solved by the method
of lines (MOL). In this method, the time derivatives remain
continuous while the spatial derivatives are discretized by fi-
nite difference method. This will convert partial differential
equation to a set of ordinary differential equations (ODE’s). In
this study, the eq. (8) was converted to a system of ODE’s and
coupled with the other ODE (eq. (3)) in the model. Then, this
system of ODE’s was solved by ode15s solver in MATLAB
software. Initial and boundary conditions were used for solv-
ing this set of equations.

In this study, the effective diffusivity (Deff) and average film
mass transfer Kf are unknown. These parameters are estimated
by fitting the model to experimental concentration data.

In order to estimate model parameters from experimental
data, the following objective function was employed:

OF ¼ 1

N exp
∑
i¼1

N exp

j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cexp

i −Ccal
i

� �2q
j ð13Þ

where Nexp is the experimental data points, Cexp
i is the exper-

imental concentration and Ccal
i is estimated concentration

from the model. In this work, non-linear least square algo-
rithm in MATLAB (lsqnonlin algorithm) was used to fit the
model to the experimental data. The average absolute relative
deviation (AARD) was used to calculate the error of fitting
and it is presented as:

AARD% ¼ 1

N exp
∑
i¼1

N exp

j C
exp
i −Ccal

i

Cexp
i

j � 100 ð14Þ

Heat Mass Transfer (2019) 55:2165–2171 2167



3 Results and discussion

The kinetic adsorption experiments were conducted at
ambient temperature and atmospheric pressure. The ef-
fects of adsorbent loading, ethanol initial concentration

and adsorbent particle size were studied. The variation
of concentration with time in the batch adsorption system
is presented in figs. 1a to 1c. The error bars on the Fig. 1
represents the standard deviations of three or more con-
centration measurements.
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Fig. 1 Experimental kinetic
adsorption data at a two different
initial concentrations b two
different particle sizes c two
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symbols are experimental data
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model prediction
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Figure 1a shows the effect of initial concentration of etha-
nol at fixed values of 1 g adsorbent loading and 1.5 mm par-
ticle size. As Fig. 1a shows, with reducing the initial ethanol
concentration from 11.5 to 8 (wt.%) the decay in concentra-
tion become slower. It can be explained that as the initial
ethanol concentration reduces, the saturation of active sites
become slower due to lower mass transfer gradient in the
system. As it can be seen, at first, a rapid decrease in the
concentration occurs then declines slowly. It can be attributed
to the fact that, at the beginning of the adsorption process, the
adsorption sites are easily available for ethanol molecule to
adsorb on the adsorbent, but as time passes, more sites occu-
pied, the available adsorption sites become less, therefore the
concentration decay till the saturation of all adsorption sites.

The effect of particle size is shown in Fig. 1b. The initial
ethanol concentration was 11.5 wt.% and adsorbent loading
was 1 g (±0.001 g). As it can be seen, with reducing the
particle size, the rapid decrease in ethanol concentration in
bulk becomes more pronounced. It is evident that by reducing

the particle size, the diffusion resistance decreases and active
sites for adsorption become more easily available. The time
required to reach the same equilibrium concentration for larger
particles is much higher than that for smaller particles.

In Fig. 1c, the effect of adsorbent loading on concentration
change in the solution is shown. The initial concentration was
11.5 wt.% and the average particle size was 1.5 mm. As it can
be seen, by increasing the amount of adsorbent, the change in
the concentration is more pronounced which indicates higher
ethanol molecule adsorbed on the adsorbent which is as
expected.

From concentration data in the kinetic model, the amount
of ethanol adsorbed at equilibrium concentrations are plotted
in Fig. 2. The data are compared with literature equilibrium
isotherm data.

As results shown in Fig. 2, the equilibrium data in this work
are comparable with literature data for similar commercial acti-
vated carbon [3]. In this case, the F-600 showed higher adsorp-
tion capacity at lower concentration, but at higher concentration,
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it is comparable with Chem-Lab® activated carbon. At higher
ethanol concentration, the amount of ethanol adsorption in this
work is higher. The amount of ethanol adsorption with time at
different concentration is presented in Fig. 3.

The data in Fig. 3 are fitted for initial concentration effect.
The trend for effects of adsorbent loading and particle size are
similar. By fitting the kinetic pore diffusion model to the ex-
perimental kinetic adsorption data, the model parameters were
determined. The fitted parameters of the pore diffusion model
are presented in Table 2. As the results show, with increasing
the particle diameter the effective diffusivity decreased and in a

similar manner, the average film mass transfer is also de-
creased. In addition, by reducing the initial concentration from
11.5 to 8 wt.% the effective diffusivity and average film mass
transfer also decreased, however, the variation is less than 10%.

The estimated values for effective diffusivity in this study are
in the same order with the values that have been reported in
literature. Jones et al. estimated an average effective diffusivity
of 3.8 × 10−10 m2/s for ethanol adsorption on F-600 activated
carbon in similar experimental procedure [3]. Avalue of 3.45 ×
10−9 (m2/s) to 5.52 × 10−9 (m2/s) for vapor ethanol in three dif-
ferent activated carbon adsorbents were reported elsewhere [13].
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Fig. 4 Intraparticle diffusion
model results for a C0 =
11.5 wt.% and b C0 = 8 wt.%

Table 2 The experimental
kinetics runs and fitted parameters
of the pore diffusion model

Experimental
Run #

Initial ethanol
concentration
(wt.%)

Particle
diameter
(mm)

Adsorbent
loading (g/ 10 ml
solution)

Deff (m
2/s) Kf (1/s) AARD

(%)

1 11.53 1.5 1 2.89 × 10−10 2.25 × 10−6 4.25

2 11.50 1.5 2 2.63 × 10−10 2.11 × 10−6 4.8

3 8.02 1.5 1 2.47 × 10−10 2.03 × 10−6 3.82

4 11.50 0.8 1 3.17 × 10−10 2.44 × 10−6 5.21
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The AARD% of the fitted model to experimental data
shows that the model can predict the data very well. The
estimated values from these kinetic experiments can be used
for designing and simulation of fixed bed adsorption column.

The intraparticle diffusion model is fitted to the experimen-
tal data and the results are presented in Fig. 4. According to
intraparticle diffusion model, the plot of qt versus t

1/2 must be
a straight line when intraparticle diffusion reticence is rate
controlling step of adsorption phenomena. Figure 4a and b,
shows a multi-linear plot of qt versus t

1/2. This type of multi-
linear plot means that different steps of adsorption on the
adsorbent surface are occurred [18]. Therefore, it is evident
that the adsorption of ethanol on activated carbon is not
intraparticle diffusion controlled.

From Fig. 4, first step (zone 1) is assigned to pore diffusion
of the ethanol molecules to the adsorbent pore and the second
step (zone 2) related to the adsorption of ethanol molecule
inside smaller pores [19]. Therefore, the intraparticle mass
transfer resistance for ethanol adsorption on commercial acti-
vated carbon is not a rate controlling step. However, as it is
shown in Fig. 3, the pore diffusion model was fitted to exper-
imental data very well, that suggests the mechanism that de-
scribe this model controls adsorption of ethanol on activated
carbon in liquid phase.

4 Conclusion

In this study, the experimental batch kinetic data was mathemat-
ically modeled to determine the effective mass transfer diffusion
of ethanol from the liquid phase into activated carbon adsorbent.
Effects of adsorbent particle size, initial ethanol concentration
and adsorbent loading on the kinetics were investigated. The
particle size and adsorbent loading have the reverse effects on
effective diffusivity while the initial concentration has a direct
effect on effective diffusivity. The average film mass transfer is
also increased by increasing the ethanol concentration in the
bulk and decreased by increasing in particle size and adsorbent
loading. The pore diffusion and intraparticle diffusion models
were fitted to experimental data, the results suggest that the
mechanism described the pore diffusion model may control ad-
sorption of ethanol on activated carbon in liquid phase.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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