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ABSTRACT

The contact time in two batch adsorbers were optimized using unreacted shrinking core
model for the adsorption of biopolymeric pigments in distillery spentwash by fly ash
adsorbent. The total optimal contact time obtained was 40 min for 3 m3 adsorbate volume
having initial biopolymer concentration of 1.5 mg/dm3. The film pore diffusion model was
used to determine the external mass transfer coefficient, effective diffusion coefficient, and
bed capacity for continuous adsorption process. The adsorbent bed capacities at different
initial biopolymeric concentrations (2,000, 5,500, 8,700, and 12,500 mg/ml) are 69.26, 114.41,
143.64, and 172 mg/g, respectively. The effective diffusion coefficients at various bed
heights were determined for continuous adsorption process.

Keywords: Distillery spentwash; Fly ash; Film pore diffusion model; Adsorption; Contact
time optimization

1. Introduction

The adsorption is a physiochemical process used
in industrial effluent treatment. In adsorption process
the solute particles are attached to the adsorbent sur-
face by physical or chemical bonds. The amount of
feed charged to the batch adsorber is fixed but in
dynamic adsorber feed supply is continuous at con-
stant flow rate [1]. The molasses spentwash obtained
from distill units of distillery has melanoidin biopoly-
meric pigments formed due to Maillard amino
carbonyl reaction which exists in dark brown color in
the effluent. The empirical formula of this pigment is
C17–18H26–27 O10 N and molecular weight is in the
range of 5,000–40,000 [2]. The adsorption is widely

used in textile and distillery industries to remove
color, suspended particles, and to reduce chemical
oxygen demand (COD) from waste effluent [3]. The
other techniques like biological treatment and
advanced oxidation techniques are also used in efflu-
ent treatment processes [4]. The fly ash discarded from
coal power stations is used as adsorbent to remove
the melanoidin pigments from distillery spentwash as
it has good adsorption capacity [5–7]. The fly ash is
used as adsorbent to remove chromium, copper, zinc,
and arsenic [8].

The design parameters of adsorption column are
determined experimentally or predicted through math-
ematical models. The adsorption kinetics and equilib-
rium data are essential to develop mathematical
models for adsorption systems. The film pore diffusion
model was used to study the adsorption of distillery*Corresponding author.
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spentwash on fly ash based on unreacted shrinking
core model principles. This model assumes the adsor-
bent as solid with small pores in which adsorbate is
attached and this model is applicable for irreversible
adsorption at high solid to liquid solute distributions.
The diffusion of solute into adsorbent occurs according
to the Fick’s law of diffusion [9]. This model was suc-
cessfully applied to many systems like dyestuffs
adsorption using activated carbon and charred saw
dust [10–12], adsorption of dye stuffs from aqueous
solution [13,14], and protein adsorption [15].

The major impurity in spentwash is biopolymeric
melanoidin pigment composed of highly dispersed
colloids [16]. Many methods like employing bacteria
[17], electrochemical methods [18], coagulating tech-
niques [19], and adsorption [20] are currently used for
removing this pigment. The film pore diffusion model
was used to optimize the contact time of batch adsor-
bers and to estimate various adsorption parameters
for adsorption of distillery spentwash in fly ash.

2. Materials and methods

The molasses spentwash was obtained from a dis-
tillery unit near Tiruchi, Tamil Nadu. The pH adjust-
ment in the sample was done using 0.1 M H2SO4 or
0.1 M NaOH as per the requirement. The fly ash from
a thermal power plant was sieved and collected in the
range of BSS # –72 + 100, –100 + 150, –150 + 200, and
–200 + 300 mesh size with average particle diameter
0.1815, 0.128, 0.09, and 0.071 mm respectively.

The batch adsorption studies were conducted at
293, 303, and 313 K by adding appropriate dosage of
fly ash adsorbent to 100 ml distillery spentwash
agitated at 200 rpm in an incubated shaker for 3 h.
The analysis of sample was done after filtering in
Whatman 42 filter paper. The absorbance of sample at
characteristic wavelength of 475 nm was determined
using double beam UV–vis spectrophotometer
(Systronics 2201) [21]. The readings were taken in
duplicate for each sample to check repeatability and
the average values were recorded.

Percentage color removal (Rt) was calculated using
the formula:

%Rt ¼ Co � Ct

Co
� 100 (1)

Specific uptake was calculated by:

qt ¼ Co � Ct

ms
(2)

The packed bed adsorber with BSS # –100 + 150 mesh
size fly ash particles was used to remove melanoidin
pigments in spentwash. The glass column with inter-
nal diameter of 2 cm with five sampling points at
5 cm intervals was packed with glass beads of 3 mm
diameter for 2 cm height at the bottom to provide uni-
form inlet flow to the column. The experiments with
spentwash sample at pH 7 having initial concentration
2,000 mg/L were conducted at different flow rates
(1, 2, and 3 L/h) supplied using peristaltic pump on
10 cm bed height.

3. Results and discussions

3.1. Studies on effect of initial concentration of solute on
solid-phase adsorbent uptake

The Langmuir isotherm model used to predict the
solid-phase adsorbent concentration at different
temperatures is given below:

qe;t ¼ KL Ce;t

1 þ aL Ce;t
(3)

It can be observed from Fig. 1 that the equilibrium
uptake of adsorbent increases with increase in solution
concentration. The adsorbent concentration reaches a
saturation point beyond which the solution concentra-
tion has no significant effect on the adsorbent concen-
tration. The adsorption is an exothermic process and
by the Lechatlier’s principle an increase in tempera-
ture will favor desorption process and hence the
temperature has an inverse effect on adsorbent con-
centration. The maximum value of the solid-phase

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 1000 2000 3000 4000 5000

qe
,t 

(m
g/

g)

Ce,t (mg/dm3)

293K 303K 313K

Fig. 1. Predicted qe for different temperatures of batch
adsorption studies using Langmuir isotherm.
Notes: Conditions: pH 7, particle size BSS # –150 + 200,
dosage = 10 g, time = 150 min.
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concentration was 0.133 mg/g at 293 K. The treatment
of 10% diluted sample of distillery spentwash with
10 g of fly ash adsorbent at different temperatures to
measure the percentage of spentwash remaining is
shown in Fig. 2.

3.2. Modified Langmuir isotherm model

The model equation for the modified Langmuir
isotherm is given below:

qe ¼ bT�n Ce

1 þ bCe
(4)

In this model b and n are isotherm constants that
consider the energy of adsorption. The theoretical
values of qe and Ce were fitted to this model to
determine the parameters b and n. The Langmuir
isotherm cannot be used as such for adsorption
from solution because of simultaneous adsorption
and desorption of different species for balancing the
energy and mass and it assumes homogeneity of
adsorption surface which is not valid for adsorption
from solution [22,23]. The modified Langmuir iso-
therm considers the change in free energy of
adsorption with temperature. The variation in con-
centration of solute with specific uptake is provided
for different temperatures in Fig. 3. The correspond-
ing predicted models of modified Langmuir iso-
therm are tabulated for different temperatures of
adsorption operation in Table 1.

3.3. Studies on effect of initial concentration of solute on
spentwash adsorption

The batch adsorption studies were performed at
different initial concentrations of melanoidin pig-
ments with 10 g of fly ash adsorbent to analyze the
effect of initial concentration of solute. It was
observed that the concentration of solute decreases
with time due to increased rate of adsorption of pig-
ments on fly ash. The rate of change of concentra-
tion was negligible after a period of 100 min as
observed from Fig. 4 and hence it is reasonable to
assume that adsorption has reached equilibrium after
a period of 150 min. It was observed that initial
concentration controlled the rate of concentration
drop at initial stages of experiments but after some
time the rate is constant for all experiments with
different initial concentrations. This is because when
the initial concentration is large the deviation of ini-
tial concentration from equilibrium concentration is
higher which results in large concentration gradient
and increased rate of mass transfer.
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Fig. 2. Effect of temperature on spentwash adsorption
using fly ash.
Notes: Conditions: pH 7, particle size BSS # –150 + 200,
dosage = 10 g, time = 150 min, dilution = 10%.
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Fig. 3. Predicted qe for different temperatures of
adsorption studies using modified Langmuir isotherm.
Notes: Conditions: pH 7, particle size BSS # –150 + 200,
dosage = 10 g, time = 150 min.

Table 1
Modified Langmuir model equations for various tempera-
tures

Temperature (K) Predictive correlations

293 qe ¼ :00155� 2931:4641

1þ :00155�Ce

303 qe ¼ :00155� 3031:4641

1þ :00155�Ce

313 qe ¼ :0008� 3131:67419

1þ :0008�Ce

D. Aravind and R. Krishna Prasad / Desalination and Water Treatment 57 (2016) 24925–24933 24927



3.4. Mass transfer studies

The diffusion takes place in non-homogeneous
media and the effective diffusivity considers both pore
diffusion and surface diffusion. The effective diffusiv-
ity is represented by the following equation [10]:

Deff ¼ DP þ qp Ds
@Y

@C
(5)

In this equation the derivative term @Y=@C represents
the slope of isotherm. The values of the effective diffu-
sivity were evaluated at different dilutions based on
above equation as shown in Table 2. The effective dif-
fusivity depends on initial concentration of solution
and the predictive correlation for effective diffusivity
is represented as follows:

Deff ¼ a Cb
o

The predictive correlations for effective diffusivity of
sorption of distillery spentwash on fly ash adsorbent
at different temperatures are given in Table 3. The
effect of initial concentrations of spentwash at differ-
ent temperatures on effective diffusivity is shown in
Fig. 5 and it is observed that the effective diffusivity
remained constant at higher concentrations but
decreased with temperature at dilute concentrations.
This is because at high solute concentration the
surface diffusion coefficient is negligible and diffusion

is controlled by pore diffusivity which is independent
of temperature but at reduced solute concentration the
surface diffusion becomes dominant.
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Fig. 4. Effect of initial concentration of solute on
spentwash adsorption.
Notes: Conditions: pH 7, particle size BSS # –150 + 200,
dosage = 10 g, time = 150 min.

Table 2
Values of effective diffusivity at different initial concentra-
tions for sorption of spentwash on fly ash adsorbent based
on mass transfer model

Temperature (K) Dilution (%) Deff (m
2/s)

293 5 6.45 × 10−7

10 2.40 × 10−7

15 1.59 × 10−7

20 1.36 × 10−8

303 5 5.90 × 10−7

10 2.00 × 10−7

15 1.63 × 10−7

20 1.28 × 10 −8

313 5 5.59 × 10−7

10 2.21 × 10−7

15 1.68 × 10−7

20 1.30 × 10−8

Table 3
Predictive correlations for effective diffusivity of sorption
of distillery spentwash on fly ash adsorbent at different
temperatures based on mass transfer model

Temperature (K) Predictive correlations

293 Deff = 0.384 Co
9.17 × 10−3

303 Deff = 0.404 Co
5.57 × 10−4

313 Deff = 0.179 Co
0.386
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Fig. 5. Effect of initial concentrations of spentwash and
temperatures on effective diffusivity based on mass
transfer model.
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3.5. Optimization of contact time in batch adsorbers

The two batch adsorbers arranged in series were
considered and their contact times were optimized
based on following assumptions:

(1) The mass of adsorbent in each adsorber is
same.

(2) The adsorbent is not recycled which means the
initial concentration of adsorbate in the adsor-
bent is zero.

(3) The solid and liquid phases are in equilibrium
in both adsorbers.

The contact time depends on initial concentration
of adsorbate in the second adsorber and hence to opti-
mize the contact time a feasible range of initial con-
centration values for second adsorber were found.

3.5.1. Determination of lower bound of CO2

It was assumed based on unreacted shrinking core
model that the capacity factor must be less than 1 and
this assumption can be used to find the lower bound
of CO2. The concentration in the second adsorber can-
not be more than the equilibrium concentration of the
first adsorber and hence these two inequalities can be
solved to obtain lower bound of concentration. The
equations for these inequalities are listed below:

Sqe
VCmin1

� 1:0 (6)

VC0 � Sqe
V

� Cmin2 (7)

In the above equations Cmin1 and Cmin2 represents the
boundary values of individual solutions for each
inequality. The actual lower bound can be obtained by
taking the maximum of these values.

CO2min ¼ max ½Cmin1; Cmin2�

3.5.2. Determination of upper bound of CO2

The maximum amount of material that can be
adsorbed by the adsorbent in the second stage is
equal to equilibrium concentration times the adsor-
bent mass. This condition can be mathematically
expressed as:

VCmax1 � VC2 � Sqe (8)

The initial concentration in second adsorber cannot
exceed the initial concentration in first adsorber:

Cmax1 � C0 (9)

Solving the above equations the upper and lower
bounds of CO2 was obtained. The average of these two
bounds was taken as the mean value of initial
concentration.

CO2 ¼ 0:5 Cmin þ Cmaxð Þ (10)

The set of CO2 values for different volumes of first
adsorber was obtained as shown in Fig. 6 and it can
be observed that for the given range of volumes the
optimal values of CO2 is equal to the lower bound val-
ues. The lower and upper bound curves merge at
pinch point volume of 3 m3 which is the optimal value
as shown in Fig. 6.

3.5.3. Contact time optimization of batch adsorbers

The optimal contact time for the system was esti-
mated using the analytical solution of the unreacted
shrinking core model given below [10]:

s ¼ 1

6CH
ln

x3 þ a

1 þ a3

� � 2B�ð1aÞÞð Þ
þ ln

x þ a

1 þ a

� �� �3=a( )

þ 1

a
ffiffiffi
3

p
CH

arctan
2� a

a
ffiffiffi
3

p
� �

� arctan
2x� affiffiffi

3
p

� �� �
(11)
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Fig. 6. Effect of volume of liquid phase on initial
concentration of second adsorber using unreacted
shrinking core model.
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The optimal contact time obtained was plotted against
the corresponding CO2 values as shown in Fig. 7 and
it can be observed that the optimal contact time for
first adsorber decreased with an increase in C02 values
because adsorbent in the first adsorber adsorbs less
quantity of adsorbate. In the second adsorber the con-
tact time increased with increase in C02 values. The
sum of optimal contact times of first and second
adsorber gives the overall contact time of 40 min for
1.5 mg/dm3 C02 value as shown in Fig. 7.

3.6. Determination of adsorption parameters for continuous
adsorption using film pore diffusion model

The film pore diffusion model used assumes that
mass transfer occurs in a thin film adjacent to the
adsorbent surface and drop in concentration occurs
across the thickness of film and film diffusion remains
the rate-controlling step. The final equations used to
predict the values of theoretical concentration of
adsorption are described below in two sections [24,25].

For section 1:

f ¼ h11 � h21 (12)

with h11 ¼ 1

6
ln

1� X3
2

� �2BðX2
2 þ X2 þ 1Þ

ð1� X2
2Þ

� 1ffiffiffi
3

p tan�1 ð2X2 þ 1Þffiffiffi
3

p (13)

whereB ¼ 1� 1

Bi
(14)

X2 ¼ ð1� g 0; sð ÞnÞð1=3Þ (15)

and h21 ¼ 1

6
ln

1� X3
0

� �2BðX2
0 þ X0 þ 1Þ

ð1� X2
0Þ

� 1ffiffiffi
3

p tan�1 ð2X0 þ 1Þffiffiffi
3

p (16)

X0 ¼ ð1� g 0; sð ÞÞð1=3Þ (17)

For section 2:

f ¼ h12 � h22 (18)

with h12 ¼ 1

6
ln

1� X3
2

� �2BðX2
2 þ X2 þ 1Þ

ð1� X2
2Þ

� 1ffiffiffi
3

p tan�1 ð2X2 þ 1Þffiffiffi
3

p (19)

X2 ¼ ð1� nÞð1=3Þ (20)

and h22 ¼ s1 � s� p
18

ffiffiffi
3

p
(21)

The equations were solved using MATLAB software
to determine the external mass transfer coefficient,
effective diffusivity, and bed capacity. The external
mass transfer coefficient was determined using vari-
ous correlations listed in Table 4 and for all these cor-
relations the mass transfer coefficients were
determined and an average of these values was taken
as the representative value for k.

The Biot number is the ratio of inter particle
diffusion to intra particle diffusion as given below:

Bi ¼ kR

Deff
(22)

The Biot number calculated is larger than 109 and
hence external mass transfer controls the rate of
adsorption process. The adsorbent bed capacity has
significant effect on diffusion as it determines the resi-
dence time of adsorbate in adsorber column. The
adsorbent bed capacity at 303 K determined from
Langmuir adsorption model for different initial con-
centrations at 2000, 5,500, 8,700, and 12,500 mg/ml are
69.26, 114.41, 143.64, and 172 mg/g, respectively. The
adsorbent bed capacity was larger for continuous
adsorption process in comparison to batch adsorption
due to difference in residence time of adsorbate in
the bed.
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The effective diffusion coefficient of continuous
adsorption process was determined using film pore
diffusion model for each value of concentration and
from these set of values the effective diffusion coeffi-
cient for which the error between theoretical values
and experimental values were least was selected as
the best fit value. The values of effective diffusion
coefficient at different bed heights are shown in
Table 5 for adsorption of melanoidin pigments onto fly
ash adsorbent column. The values of effective
diffusivity at 5, 10, 15, and 20 cm bed height
are 4.75 × 10−11, 4.99 × 10−11, 5.23 × 10−11, and
5.54 × 10−11 cm2/s, respectively.

4. Conclusion

The biopolymeric pigments in distillery spentwash
were removed using coal fly ash as adsorbent in batch
and continuous adsorbers. The optimization of contact
time of adsorption in two adsorbers were determined
using unreacted shrinking core model and the total
optimal contact time was 40 min for 1.5 mg/dm3 ini-
tial concentration in second adsorber for liquid-phase

volume of 3 m3. The film pore diffusion model was
used to determine the external mass transfer coeffi-
cient, effective diffusion coefficient, and bed capacity
of continuous adsorption process. The effective
diffusivity at 5, 10, 15, and 20 cm fly ash adsorbent
are 4.75 × 10−11, 4.99 × 10−11, 5.23 × 10−11, and
5.54 × 10−11 cm2/s, respectively. The values of adsor-
bent bed capacity for different initial concentrations at
303 K were determined.

Table 4
External mass transfer coefficient values for adsorption of melanoidin pigments on fly ash adsorbent

Refs. Empirical correlation Range of validity k (cm/s)

[26] Sh = 5.4 Re(1/3) Sc(1/4) 0.04 < Re < 30 51.74
[27] Sh = 4.3 Re0.35 Sc1/4 0.1 < Re < 3 40.74
[28] Sh = 4.58 Re(1/3) Sc(1/3) 0.4 < Re < 10 43.40
[29] Sh = (1.09/ε) Re(1/3) Sc(1/3) 0.016 < Re < 55 17.04
[30] Sh = 2.4 ε0.66 Re(0.34) Sc(1/3) 0.04 < Re < 52 2.399
[31] Sh = (1.13/ε) Re(0.21) Sc(1/3) Re < 10 17.215
[32] Sh = 1.85((1 – ε)/ϵ2)Re(1/3)Sc(1/3) Re/(1 – ε) < 10 52.56
[33] Sh = Re(0.28) Sc(1/3) Re < 10 5.4
[34] Sh = 2 + 1.58 Re(0.4) Sc(1/3) 0.001 < Re < 5.8 98.72
[35] Sh = 0.644 Re(1/2) Sc(1/3) Sc < 12,000 3.65

Note: Flow rate =1L/hr, Initial concentration = 2,000 mg/ml.

Table 5
Effective diffusion coefficient of melanoidin adsorption
onto fly ash adsorbent in continuous column using film
pore diffusion model

Bed height (cm) Deff (cm
2/s) × 10−11

5 4.75
10 4.99
15 5.23
20 5.54

Notes: Initial concentration = 2,000 mg/ml, Flow rate = 1 L/hr.

Nomenclature

qe — equilibrium concentration in solid phase
(mg/g)

KL and aL — Langmuir isotherm constants
b and n — modified Langmuir isotherm constants

that considers the energy of adsorption
D — diffusivity (m2/s)
ρp — density of adsorbent particles (kg/m3)
Y — solid-phase concentration (mg/g)
C — solution concentration (mg/dm3)
a and b — correlation parameters for effective

diffusivity
S — adsorbent weight (kg)
V — volume of liquid phase (dm3)
ms — concentration of sorbent in liquid phase

(mg/L)
% Rt — percentage color removal
k — external mass transfer coefficient (cm/s)
Bi — Biot number, dimensionless
R — radius of adsorbent particle (cm)
Sh — Sherwood number
Re — Reynolds number
n — dimensionless concentration n ¼ Ct

Co

f — dimensionless bed height f ¼ mDeff
#qsR2 Z

s — dimensionless time s ¼ CoDeff t
qpqeR2

g — dimensionless bed capacity, g ¼ q
qe

s1 — dimensionless time required for the top
most layer to reach equilibrium
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