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a b s t r a c t

Adsorption studies for sorption of distillery spent wash onto fly ash particles were studied in both
batch and packed column. Equilibrium data were fitted to the Sips, Elvoich and Dubinin–Radushkevich,
Redlich–Peterson, Langmuir four types and Ho’s four types of pseudo-second-order kinetic models. The
complete error analysis was done to determine the best isotherm model using six different non-linear
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error functions: chi-square (� ), sum of square errors (SSEs), composite fractional error function (HYBRD),
derivative of Marquardt’s percent standard deviation (MPSD), average relative error (ARE), sum of absolute
errors (EABS) and linear regression correlation coefficient (r2). The Biot number was determined using
internal mass transfer coefficient and the external mass transfer coefficient estimated using Mathews
and Weber model and Furusawa and Smith model. The Biot number estimated provides that external film
transfer controls the mechanism of sorption of spent wash onto fly ash. Packed column adsorption was
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. Introduction

Molasses spent wash (MSW) from distillation still contains a
ark brown recalcitrant pigment called melanoidin formed due
o maillard amino-carbonyl reaction. The empirical formula of

elanoidin is C17–18H26–27O10N. It is a product of non-enzymatic
eaction between sugars and amino compounds. The molecu-
ar weight distribution is between 5000 and 40,000. It is acidic,
olymeric and composed of highly dispersed colloids, which are
egatively charged due to the dissociation of carboxylic acids and
henolic groups [1–3].

Several studies have been carried out concerning the decol-
rization of waste water using cyanobacterium [4], fungi such as
spergillus fumigatus [5], coriolus [6], phanerochaete chrysospo-
ium [7], electro chemical studies [8,9] and studies using various
oagulants like aluminum sulfate (Al2(SO4)3·14H2O), ferric chlo-
ide (FeCl3·6H2O), sodium aluminate, aluminum chloride and ferric
ulfate [10–14] have shown to degrade melanoidin and anaerobic
ass imparting color to spent wash. However, recent studies have

ointed out several serious drawbacks of using aluminum salts,
uch as Alzheimer’s disease [15]. There is also the problem of reac-

ion of alum with natural alkalinity present in the water leading to
reduction of pH [16].

Currently sorption technique is proved to be an effective and
ttractive process for the wastewater treatment. Also this method
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and Adams–Bohart model for different flow rates of studies.
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ill become inexpensive, if the sorbent material used is of cheaper
ost and does not require any expensive additional pretreatment
tep. During coal fired electric power generation, two main types
f coal combustion by products are obtained, fly ash and bottom
sh. The current annual worldwide production of coal ash is esti-
ated about 700 million tons of which at least 70% is fly ash [17].
lthough, significant quantities are being used in a range of appli-
ations like substitute for cement in a concrete, however still large
mounts are not used and this requires disposal. Making a more
roductive use of fly ash would have considerable environmental
enefits, reducing air and water pollution. The large amount of fly
sh discarded in coal fired power stations can be utilized as a good
dsorbent for color removal [18–21]. Previously several researchers
ad proved several low cost materials such as rice husk [22], sugar
ane dust [23], bagasse pith [24] were used in color removal. Scrap
ubber, peanut husks and composted bark to remove metal ion from
astewater [25,26].

In the present study the equilibrium data of adsorption of spent
ash onto fly ash at different temperatures were analyzed with

ips, Elvoich, Dubinin–Radushkevich, Redlich–Peterson and Lang-
uir four types of isotherms. The sorption was also analyzed using
o’s four types of pseudo-second-order kinetic models. A complete
rror analysis using six different types of non-linear error func-
ions was done. Mass transfer studies were evaluated to determine

xternal and internal mass transfer coefficients that are used to
etermine the Biot number. The mechanism of adsorption process
as analyzed using the Biot number evaluated. Packed bed adsorp-

ion studies were conducted at different flow rates to analyze the
esults using Thomas model and Adams–Bohart model.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rkprasad_cbe@rediffmail.com
dx.doi.org/10.1016/j.cej.2008.05.021
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Nomenclature

a total interfacial area of the particles (cm2)
aLF Sips isotherm constant (L mg−1)
A Redlich–Peterson isotherm constant (L g−1)
ARE average relative error
B Redlich–Peterson isotherm constant (L mg−1)
BN Biot number
Cads amount of sorbate sorbed onto sorbent surface

(mg g−1)
Ce equilibrium concentration in liquid phase (mg L−1)
Ct concentration of spent wash solution at time t

(mg L−1)
C0 initial concentration of spent wash solution

(mg L−1)
d mean particle diameter (cm)
D intraparticle diffusion (cm2 min−1)
E sorption energy (KJ g−1)
EABS sum of absolute errors
g exponent which lies between 0 and 1
h initial sorption rate (mg g−1 min−1)
HYBRD composite fractional error function
kf initial external mass transfer coefficient (cm min−1)
k2 pseudo-second-order rate constant (g mg−1 min−1)
KAB kinetic constant in the Adams–Bohart model

(L/(mg min))
KL Langmuir adsorption constant (L mg−1)
KTh Thomas model constant (L/(mg min))
ms concentration of sorbent in liquid phase (mg L−1)
mtotal total amount of solids sent to the column (mg)
M amount of adsorbent (g)
MPSD derivative of Marquardt’s percent standard devia-

tion
n Freundlich parameter
N0 sorption capacity of the bed per unit volume of the

bed (mg L−1)
qe equilibrium concentration in solid phase (mg g−1)
qm Langmuir isotherm parameter, maximum spent

wash adsorbed/unit mass of adsorbent (mg g−1)
qo amount of spent wash adsorbed at infinite time

(mg g−1)
qt amount of spent wash adsorbed per unit mass of

adsorbent at time t (mg g−1)
qtotal total adsorbed quantity in the column (mg)
Q column feed flow rate (mL min−1)
r2 linear regression correlation coefficient
R universal gas constant (8.314 J/mol K)
RL Langmuir separation or equilibrium parameter
%Rt percentage color removal
SSE sum of square errors
Sa outer surface area of adsorbent particles per unit

volume of particle free slurry (cm−1)
t time (min)
ttotal total flow time (min)
T temperature (K)
U0 superficial velocity of the solution (cm min−1)
V total solution volume (L)
Veff effluent volume (mL)
Xm maximum sorption capacity of sorbent (mg g−1)
Z bed height (cm)

Greek letters
˛ initial adsorption rate (mg g−1 min−1)

ˇ desorption constant (g mg−1)
� sorption energy (KJ2 g−2)
ε Polanyi sorption potential
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� apparent density of the adsorbent (g mL−1)
�2 chi-square

. Experimental

.1. Materials and methods

The distillery spent washes used for the study was collected
rom a distillery unit near Tiruchi. The sample was diluted to desired
ilution using deionized water. The pH of the sample was adjusted
sing 0.1 M H2SO4 or 0.1 M NaOH as required. Table 1 gives the
hysico-chemical characteristics of raw spent wash that were ana-

yzed as described in standard methods [27].
The fly ash was obtained from Lignite Thermal Power Station.

he fly ash was sieved by using a sieve set and then was col-
ected in the range of BSS# −72 + 100, −100 + 150, −150 + 200 and
200 + 300 mesh size. The fly ash was used as received without
ny pretreatment in the adsorption experiments. Chemical com-
osition of fly ash by chemical analysis was given as SiO2, 15.14;
e2O3, 3.30; Al2O3, 7.82; CaO, 24.66; MgO, 4.5; SO3, 14.22; K2O,
.28; Na2O, 0.57; TiO2, 1.03 and loss on ignition, 2.31 wt%.

Batch adsorption studies were conducted at three different tem-
eratures (293 K, 303 K and 313 K). In each experiment accurately
eighed fly ash was added to 100 mL of distillery spent wash solu-

ion taken in a 250 mL conical flask and the mixture was agitated
t 200 rpm in an incubated shaker at constant temperature for 3 h.
he analysis of sample was done after filtering it using Whatmann
2 filter paper. Concentrations of the filtered samples were deter-
ined from the absorbance of the solution at the characteristic
avelength 475 nm using a double beam UV–vis spectrophotome-

er (Systronics 2201) [28,2]. The readings were taken in duplicate
or each individual solution to check repeatability and the average
f the values were taken.

Percentage color removal (Rt) was calculated using the formula

Rt = C0 − Ct

C0
100 (1)

Specific uptake was calculated by

t = C0 − Ct

ms
(2)
Bulk removal of spent wash onto fly ash was investigated using
acked bed of BSS# −100 + 150 mesh size fly ash particles. Glass col-
mn with internal diameter 2 cm, fitted with five sampling points
t 5 cm intervals, was used for the study. At the bottom of the pack-
ng 2 cm high layer of glass beads (3 mm diameter) was used to

able 1
hysico-chemical characteristics of distillery spent wash (10% diluted)

arameters Magnitude

H 4.2–4.3
emperature (◦C) 30
olor Dark brown
dor Burnt sugar
hemical oxygen demand (mg L−1) 10,000–11,000
iochemical oxygen demand (mg L−1) 7000–7500
otal dissolved solids (mg L−1) 5500–5700
hloride (mg L−1) 500–600
otassium (mg L−1) 1000–1300
alcium (mg L−1) 210–300
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Table 2
Values of error functions for different isotherms for sorption of spent wash onto fly ash at 303 K

Isotherm Chi-square SSE HYBRD MPSD ARE EABS

Sips 0.0102 0.3411 0.0103 0.0003 0.0299 0.9820
Elvoich 11.4311 527.8273 7.76344 0.1149 0.4501 29.4737
Dubinin–Radushkevich 1.1549 86.1247 1.2494 0.0186 0.2173 14.5718
Redlich–Peterson 0.3811 27.7689 0.4021 0.0067 0.1419 8.2446
Ho—type 1 0.1152 8.0968 0.1179 0.0021 0.0914 5.0962
Ho—type 2 1.4162 108.4844 1.5345 0.0251 0.3146 18.4457
Ho—type 3 1.4831 114.0005 1.6099 0.0685 0.3227 18.8988
Ho—type 4 1.8831 148.2431 2.0659 0.0338 0.3662 21.4011
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angmuir—type 1 2.8003 100.6351
angmuir—type 2 4.5240 315.8312
angmuir—type 3 3.1815 216.6781
angmuir—type 4 2.6352 164.8306

rovide uniform inlet flow to the column. Distillery spent wash
olution was introduced into the column at desired flow rate using
peristaltic pump. The experiments were conducted for three dif-

erent flow rates (1 L/h, 2 L/h and 3 L/h) at 10 cm bed height using
istillery spent wash of pH 7. The initial concentration of distillery
pent wash used is 2000 mg L−1 for 5% dilution spent wash. Samples
ere collected at regular intervals from all the sampling points. The
erformance of packed column is described through the concept of
he breakthrough curve, which is the plot of time versus effluent
oncentration curve.

. Results and discussions

.1. Adsorption isotherms

The prediction of batch sorption kinetics is necessary for the
esign of industrial sorption columns. The nature of the sorption
rocess will depend on physical or chemical characteristics of the
dsorbent system and also on the system conditions. The results of
he studies conducted were analyzed using five different isotherm

odels. Six different non-linear error functions �2, SSE, HYBRD,
PSD, ARE, EABS and linear error function r2 were employed to find

ut the most suitable isotherm models. Definition of these error
unctions was described elsewhere [29,30]. The fitness of isotherm
o the experimental equilibrium data was further analyzed using

arious non-linear error functions: �2, SSE, HYBRD, MPSD, ARE and
ABS. The values of error functions for different isotherms are given
n Table 2.

able 3
ips isotherm constants for the sorption of spent wash onto fly ash at different
emperatures using non-linear method

emperature (K) Sips isotherm constants

qm (mg g−1) aLF (L mg−1) n r2

93 0.7718 1.2693 0.4798 0.9976
03 0.5780 1.1000 0.4911 0.9999

313 0.2147 0.7682 0.5346 0.9986

a
t

q

a
p
t
a
r

able 4
lvoich isotherm constants for the sorption of spent wash onto fly ash at different temper

nitial dilution (%) 293 K 303 K

˛ (mg g−1 min−1) ˇ (g mg−1) r2 ˛ (mg g−1 min

5 63.808 0.4395 0.971 34.065
10 704.398 0.2056 0.973 544.666
15 254.968 0.1196 0.966 115.880
0 487.143 0.093 0.957 440.550
2.5012 0.0797 0.4994 19.8036
4.0306 0.0562 0.3473 23.9759
3.1889 0.0530 0.3934 23.6889
2.7778 0.0557 0.4426 23.2631

.2. Sips isotherm

Sips isotherm (or some times known as Langmuir–Freundlich
quation) is employed to analyze the equilibrium data obtained
uring batch studies at three different temperatures (293 K, 303 K
nd 313 K). It is expressed as [31]

e = qm(aLFCe)n

1 + (aLFCe)n
(3)

Sips isotherm equation is characterized by the heterogeneity
actor, n, and it can be employed to describe the heterogenous sys-
em. Therefore the Sips isotherm is used to describe the equilibrium
f the sorption of distillery spent wash onto fly ash. The evalu-
ted isotherm parameters using non-linear method estimated from
urve Expert 1.3 is tabulated in Table 3. The correlation coefficent, r2

s 0.999 indicates best fit to the experimental data obtained. The �2

alue is 0.0102 and other non-linear error functions are less, hence
he Sips model is considered to represent the equilbrium data of
dsorption.

.3. Elvoich isotherm

The Elvoich model equation is generally expressed as

dqt

dt
= ˛ exp(−ˇqt) (4)

To simplify the Elvoich equation, Chien and Clayton [32,33]
ssumed ˛ˇt > t and by applying the boundary conditions qt = 0 at
= 0 and qt = qt at t = t. Eq. (4) becomes

t = ln ˛ˇ

ˇ
+ 1

ˇ
ln t (5)

The plot of qt versus ln t should yield a linear relationship with

slope 1/ˇ and an intercept of 1/ˇ ln(˛ˇ). The Elvoich isotherm

arameters estimated at different temperatures at different dilu-
ions studied were given in Table 4. The non-linear error functions
re large (SSE is 526, �2 is 11.4311), hence this model does not
epresents the data of sorption studies accurately.

atures

313 K

−1) ˇ (g mg−1) r2 ˛ (mg g−1 min−1) ˇ (g mg−1) r2

0.4074 0.975 51.404 0.4573 0.964
0.2078 0.975 361.970 0.2064 0.958
0.1099 0.973 68.260 0.1042 0.894
0.0955 0.962 204.789 0.0912 0.958
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Table 5
Dubinin–Radushkevich isotherm constants for the sorption of spent wash onto fly
ash at different temperatures

Temperature (K) Dubinin–Radushkevich isotherm constants

Xm (mg g−1) ˇ (×10−5 g mg−1) −E (KJ g−1) r2
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93 141.976 4.209 3.446 0.9886
03 134.164 4.532 3.321 0.9892

313 170.163 7.258 2.624 0.9971

.4. Dubinin–Radushkevich isotherm

Dubinin–Radushkevich isotherm model is applied to the sorp-
ion data in the following linearized form [34]:

n Cads = ln Xm − ˇε2 (6)

= RT ln
C0

Ce
(7)

The Polanyi sorption theory [35] postulates fixed volume of
orption sites close to the sorbent surface and existence of sorption
otential over these sites. Polanyi sorption potential is the work
equired to remove a molecule to infinity from its location in the
orption space. This model assumes the heterogeneity of sorption
nergies within this space. The plot of ln Cads versus ε2 is a straight
ine with coefficient of determination r2 0.99. The value of sorption
nergy, E can be correlated to ˇ using the following relationship
36]:

= 1

(−2ˇ)0.5
(8)

The isotherm parameters of Dubinin–Radushkevich model were
iven in Table 5. The sorption energy is negative confirms that sorp-
ion of spent wash onto fly ash is an exothermic process. The r2

alues of this isotherm at different temperatures were above 0.988
ndicates that the isotherm can be used to define the experimen-
al data. However, non-linear error functions calculated provides
arger sum of square error (86.1247) compared to 0.3411 of Sips
sotherm. Hence Dubnin–Radushkevich isotherm was not consid-
red as best fit model to describe the experimental data.

.5. Redlich–Peterson isotherm

The Redlich–Peterson isotherms has three parameters featuring
oth the Freundlich and Langmuir isotherm equations. It can be
escribed as [37]

e = ACe

1 + BCg
e

(9)

It has two limiting cases, which can be explained as follows.

When the exponent g = 1, the Langmuir equation results, given

y

e = ACe

1 + BCe
(10)

able 6
edlich–Peterson isotherm constants for the sorption of spent wash onto fly ash at
ifferent temperatures using non-linear method

emperature (K) Redlich–Peterson isotherm constants

A (L g−1) B (L mg−1) g r2

93 6.8430 3.2992 0.5250 0.9976
03 1.9437 1.0374 0.5226 0.9999

313 0.1822 0.0545 0.5901 0.9997
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ig. 1. Equilibrium curves for sorption of spent wash onto fly ash (conditions: pH 7,
osage = 10 g, temperature = 303 K, particle size BSS# −100 + 150).

hen g = 0. Redlich–Peterson isotherm equation transforms to
enry’s law equation

e = ACe

1 + B
(11)

Eq. (9) can be can be rearranged as follows:

Ce

qe
− 1 = BCg

e (12)

Eq. (12) can be transformed to a linear equation as follows:

n
(

A
Ce

qe
− 1

)
= ln B + g ln Ce (13)

The equation has three unknowns A, B and g. It is solved by
on-linear method, a trial and error procedure, which is applica-
le to computer operation using Curve Expert 1.3 software. The
esults of isotherm parameters are given in Table 6. The value of
orrelation coefficient r2 is 0.999 and non-linear error functions
re less hence considered as best fit model to describe the experi-
ental equilibrium data for sorption of distillery spent wash onto

y ash. Fig. 1 represents the equilibrium data for Sips, Elvoich,
ubinin–Radushkevich and Redlich–Peterson isotherm equation.

.6. Ho’s pseudo-second-order isotherms—four types

An expression of the pseudo-second-order rate based on the
olid capacity has been presented for the kinetics of sorption of
pent wash onto fly ash [38,39]:

t = q2
ek2t

1 + qek2t
(14)

Eq. (14) can be rearranged to obtain

t = t

(1/k2q2
e) + (t/qe)

(15)

In order to distinguish the kinetics equation based on the con-
entration of a solution from the sorption capacity of solids, this
econd-order rate equation has been called a pseudo-second-order
ate. The pseudo-second-order can be linearized in four different
ypes as given in Table 7. The most popular linear form used is type
.

Fig. 2 represents the equilibrium data for four types of Ho’s
seudo-second-order isotherm. The pseudo-second-order param-
ters and respective correlation coefficient is given in Table 8. The

quilibrium data obtained were analyzed using six non-linear func-
ions that provided low values of error functions for type 1 Ho’s
inetics. The correlation coefficient r2 for type 1 is 0.999 at all tem-
eratures and the error functions are low indicating that the model
ts the data obtained by sorption.
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Table 7
Pseudo-second-order kinetic model linear forms

Type Linear form Plot Parameters

Type 1 t
qt

= 1
k2q2

e
+ 1

qe
t t/qt vs. t qe = 1/slope; k2 = slope2/intercept; h = 1/intercept

Type 2 1 =
(

1
)

1 + 1 1/qt vs. 1/t qe = 1/intercept; k2 = intercept2/slope; h = 1/slope

T t

T t

3

m
g
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q

e
e
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s
t
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t
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t
H
a
i

T
P

T

T

T

T

T

qt k2q2
e

t qe

ype 3 qt = qe −
(

1
k2qe

)
qt
t qt vs. qt/

ype 4 qt
t = k2q2

e − k2qeqt qt/t vs. q

.7. Langmuir isotherm—four types

The Langmuir model was originally developed to represent
onolayer sorption on a set of distinct localized sorption sites. It

ives uniform energies of monolayer sorption onto sorbent surface
ith no transmigration of sorbate in the plane of the surface. There

re no interaction between sorbed molecules, no steric hindarance
etween sorbed molecules and incoming ions. It is represented as
40]

e = qmKLCe

1 + KLCe
(16)

The essential characteristics of the Langmuir isotherm can be

xpressed in terms of dimensionless constant separation factor or
quilibrium parameter, RL, given by

L = 1
1 + KLC0

(17)

ig. 2. Equilibrium curves for sorption of spent wash onto fly ash using Ho’s pseudo-
econd-order isotherm (conditions: pH 7, dosage = 10 g, temperature = 303 K, particle
ize BSS# −100 + 150).
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able 8
seudo-second-order rate constant for the sorption of spent wash onto fly ash

ype Parameters 293 K 303 K

5% 10% 15% 20% 5%

ype 1 k2 0.0045 0.0023 0.0013 0.0009 0.0040
h 1.8144 6.0758 7.5766 9.3985 1.6357
r2 0.9983 0.9993 0.9992 0.9977 0.9983

ype 2 k2 0.0057 0.0027 0.0014 0.0012 0.0051
h 2.2520 7.0110 8.0789 12.164 1.9782
r2 0.9274 0.9458 0.9656 0.9088 0.9387

ype 3 k2 0.0056 0.0027 0.0014 0.0012 0.0050
h 2.2181 6.9428 8.0172 11.976 1.9477
r2 0.9022 0.9317 0.9526 0.8777 0.9143

ype 4 k2 0.0050 0.0025 0.0014 0.0010 0.0045
h 2.0261 6.5146 7.6819 10.662 1.8021
r2 0.902 0.9317 0.9526 0.8771 0.9143
qe = intercept; k2 = −1/(intercept × slope); h = −intercept/slope

qe = −intercept/slope; k2 = slope2/intercept; h = intercept

The parameter RL indicates the shape of isotherm (RL > 1
sotherm is unfavorable, RL = 1 it is linear, 0 < RL < 1 it is favorable
nd RL = 0 it is irreversible).

The linearized form of four types of Langmuir model is repre-
ented in Table 9. Fig. 3 represents the equilibrium data for four
ypes of Langmuir isotherm. The evaluated Langmuir parameters
ere given in Table 10. Type 2 Langmuir kinetic equation is found

o represent the experimental data with correlation coefficient r2

.996. The values of RL are in the range of 0.032–0.436 which is less
han one in the favorable region for the validity of the isotherm.
owever, values of non-linear error function of sum of squares
nd sum of absolute errors are large, hence the Langmuir isotherm
s not considered as best fit model to represent the experimental
quilibrium data.

.8. Mass transfer studies

The significance of diffusion mechanisms and accurate esti-
ates of the diffusivities inside the adsorbent particles are

etermined from the diffusion controlled kinetic models based
n interpretation of the experimental data. The external diffusion
odel assumes that the concentration at the adsorbent surface

ends to zero and the intraparticle diffusion is negligible at early

imes of contact. The external diffusion is described in the following
quation called as Mathews and Weber model [41]:

n
Ct

C0
= −kf

a

V
t (18)

able 9
angmuir isotherm kinetic model linear forms

ype Linear form Plot

angmuir-1 Ce
qe

= 1
KLqm

+ Ce
qm

Ce/qe vs. Ce

angmuir-2 1
qe

= 1
qm

+ 1
KLqmCe

1/qe vs. 1/Ce

angmuir-3 qe = qm − qe
KLCe

qe vs. qe/Ce

angmuir-4 qe
Ce

= KLqm − KLqe qe/Ce vs. qe

313 K

10% 15% 20% 5% 10% 15% 20%

0.0023 0.0011 0.0010 0.0014 0.0022 0.0012 0.0008
5.7219 6.1730 9.6939 0.9989 5.0750 6.1181 7.6266
0.9993 0.9988 0.9988 0.9852 0.9989 0.9964 0.9975

0.0027 0.0029 0.0012 0.0059 0.0027 0.0011 0.0012
6.5423 7.0138 11.356 2.0417 6.1032 5.8738 9.8620
0.9521 0.9521 0.9280 0.9268 0.9139 0.9328 0.9009

0.0027 0.0013 0.0012 0.0058 0.0027 0.0011 0.0011
6.4780 6.9289 11.237 2.0175 6.0410 5.9017 9.7018
0.9387 0.9336 0.9080 0.9045 0.8934 0.8884 0.8678

0.0025 0.0012 0.0011 0.0051 0.0024 0.0010 0.0010
6.1205 6.5291 10.317 1.8478 5.4625 5.3405 8.5728
0.9387 0.9336 0.9080 0.9045 0.8934 0.8884 0.8678
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a

V
= 6M

�d
(19)

By plotting ln(Ct/C0) against t, the initial external mass transfer
oefficient, kf can be determined.

An alternative method referred to as Furusawa and Smith model
42] used to calculate the external mass transfer coefficient. It is
resented as follows:

n
[

Cb

Co
− 1

1 + msKL

]
= ln

[
msKL

1 + msKL

]
−

[(
msKL

1 + msKL

)
kfSat

]
(20)

hich can be rearranged as

1
1 + (1/msKL)

)
ln

(
Ct

C0
− 1

msKL

(
1 −

(
Ct

C0

)))
= −kfSat (21)

The linear plot of this equation can be used to determine external
ass transfer coefficient.
Pore and surface mass diffusion is governed by Fick’s law and

ntraparticle diffusion, D. The sum of pore and surface diffusion
ay be calculated from the following equation [43]:

log

(
1 −

(
qt

qe

)2
)

= 4˘Dt

2.303d2
(22)

Once the external and internal diffusion coefficients are deter-
ined for a given adsorption system, the Biot number can then be

stimated from the following equation:
N = kf
d

D
(23)

The Biot number gives a criterion for the predominance of
urface diffusion against external diffusion. Adsorption process is
ainly controlled by internal diffusion mechanism where the Biot

able 10
angmuir isotherm parameters and correlation coefficients

ype Parameters 293 K 303 K 313 K

ype KL (L mg−1) 0.001218 0.000993 0.000647
qm (mg g−1) 113.5989 111.9863 117.6726
r2 0.958063 0.963881 0.980157

ype KL (L mg−1) 0.002356 0.001938 0.000923
qm (mg g−1) 87.64105 85.29245 98.45103
r2 0.989293 0.987442 0.996471

ype KL (L mg−1) 0.002047 0.001678 0.000821
qm (mg g−1) 94.58656 92.30272 105.3924
r2 0.85483 0.851345 0.935686

ype KL (L mg−1) 0.00175 0.001429 0.000768
qm (mg g−1) 100.8575 98.68117 108.962
r2 0.85483 0.851345 0.935686
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Fig. 6. Adams–Bohart model for continuous sorption of spent ash onto fly ash at
different flow rates.

Table 13
Adams–Bohart model for the continuous sorption of spent wash

Flow rate
(mL min−1)

Kinetic constant, KAB
(mL/(mg min))

Saturation
concentration,
N0 (mg L−1)

r2

3
5

V

l

o
T
t
m

p
r
t

ig. 4. Breakthrough curves for continuous sorption of spent wash onto fly ash at
ifferent flow rates (conditions: pH 7, dilution = 5%, particle size BSS# −100 + 150,
ed height = 10 cm).

umber is greater than 100 and the adsorption process is controlled
y film transfer if Biot number is less than 100 [44].

The external mass transfer coefficients calculated using Math-
ws and Weber model and Furusawa and Smith model along with
nternal mass transfer coefficients and the corresponding Biot num-
er are presented in Table 11. The Biot number values calculated
sing both Mathews and Weber and Furusawa and Smith are less
han 100 indicating control of adsorption of spent wash onto fly ash
y external film coefficients.

.9. Packed bed models for adsorption at different flow rates

The concentration versus time profile is represented as break
hrough curves at different flow rates. Fig. 4 provides the break
hrough curves for sorption of spent wash onto fly ash at different
ow rates. The Thomas model is widely used to study the column
erformance for adsorption process. The Thomas model assumes
angmuir kinetics of adsorption and no axial dispersion and that the
ate driving force obeys second order reversible reaction kinetics.
he model is represented as [45]

C = 1
(24)
C0 1 + exp[(KTh/Q )(q0M − C0Veff)]

The linearized form represented by

n
(

C0

C

)
= KThq0M

Q
− KThC0Veff

Q
(25)

ig. 5. Thomas model for continuous model of sorption of spent wash onto fly ash
t different flow rates.

able 12
homas model for the continuous sorption of spent wash

low rate
mL min−1)

Equilibrium specific
uptake of spent wash
solids, q0 (mg g−1)

Kinetic constant in
the Thomas model,
KTh (mL/(mg min))

r2

17 209.294 0.0190 0.994
4 528.301 0.0172 0.988
0 930.825 0.0166 0.967

l

fl
t

o
f
e
w
t
T
A
T
7
5
t
fl

4

f
o
a
n
T

17 0.0159 298.122 0.998
4 0.0164 714.655 0.986
0 0.0149 1275.775 0.920

Effluent volume is calculated from the following equation:

eff = Qttotal (26)

n
(

C0

C

)
= KThq0M

Q
− (KThC0ttotal) (27)

The KTh and q0 are calculated from the slopes and intercepts
btained from Fig. 5 and are tabulated in Table 12. The linearized
homas equation adequately describes the experimental break
hrough sorption data as evident from the values obtained by the

odel.
The Adam–Bohart model is used for the description of the initial

art of breakthrough curve. This model assumes that the adsorption
ate is proportional to both the residual capacity of the sorbent and
he concentration of the sorbing species [45].

n
C

C0
= KABC0t − KABN0Z

U0
(28)

From the plot of ln C/C0 against time at a given bed height and
ow rate values describing the characteristic operational parame-
ers of the column can be determined.

The Adams–Bohart sorption model is applied to the continu-
us sorption of spent wash onto fly ash in the packed bed column
or the description of initial part of breakthrough curve using the
xperimental data. A linear relationship between ln C/C0 and t
as obtained for the initial part of the breakthrough curve up

o 50% breakthrough for all bed heights and is shown in Fig. 6.
he values of saturation concentration (N0) and kinetic constant of
dams–Bohart model (KAB) calculated were tabulated in Table 13.
he break through capacity at different flow rates was 298 mg L−1,
15 mg L−1 and 1275 mg L−1 for 17 mL min−1, 34 mL min−1 and
0 mL min−1. This provides that as the flow rate increases break
hrough capacity increases, which may be attributed to increase in
ow rate results with decrease in residence time.

. Conclusion

The sorption data for adsorption of spent wash onto fly ash was

ound to fit the Sips, Redlich–Peterson and Ho’s pseudo-second-
rder type 1 isotherms model based on non-linear error functions
nalyzed. The sorption process was found to be controlled by exter-
al film coefficient as the Biot number was less than 100. The
homas model was found to represent the continuous sorption for
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