Adsorption (2009) 15: 354-364
DOI 10.1007/s10450-009-9186-5

Applicability of shrinking core model on the adsorption of heavy
metals by clarified sludge from aqueous solution

T.K. Naiya - A.K. Bhattacharjee - D. Sarkar - S.K. Das

Received: 10 November 2007 / Accepted: 12 May 2009 / Published online: 29 May 2009

© Springer Science+Business Media, LLC 2009

Abstract Shrinking Core model, widely accepted in the
solid-fluid non-catalytic reaction system was applied to ana-
lyze the adsorption of metal ions like Zn(II), Cr(VI), Cd(Il)
and Pb(Il) from the aqueous solutions onto the clarified
sludge (CLS). The diffusivities of different metal ions in
clarified sludge were determined by global optimization.
The depth of penetration was also estimated for different ini-
tial concentrations. The experimental concentration profiles
at various initial concentrations for all these four different
metal ions matched well with the model predictions.

Keywords Clarified sludge - Diffusivity - Film mass
transfer - Shrinking core - Linear parameter

Nomenclature

C Metal concentration in the bulk solution at any
time

Co Initial metal concentration in the bulk solution

Cc* Dimensionless concentration in the bulk (= C%)

Ci*jm"del Dimensionless concentration parameter according
to model

Ci*jexp Dimensionless concentration parameter according
to experiment

CLS Clarified sludge

Dy Effective pore diffusion coefficient

dp Volume surface mean diameter

E(Dg) Objective function for global optimization

F Parameter defined in the Sect. 5.3

ko Langmuir isotherm constant
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kg Dimensionless Langmuir isotherm constant
(=koCo)

N(t) Flux of the metal in CLS at time ¢

PCM  Progressive conversion model

R Mean radius of the CLS particles (= %")

Ry Radial distance of penetration front at time ¢

SCM  Shrinking Core Model

r Dimensionless radial distance of penetration front
attime ¢ (= R—Rf)
Time
Dimensionless time (= %)

t

t*

\% Volume of stirred solution
w Mass of CLS added
w

* Dimensionless mass of CLS added (= Vico)

Y, Langmuir isotherm constant

Yy Dimensionless Langmuir isotherm constant
(=Ys5Co)

Yo Adsorbed amount in equilibrium with bulk
concentration at time ¢

P Density of CLS

p* Dimensionless density of CLS

1 Introduction

Metals are considered to be non-biodegradable and have
great environmental, public health and economic impacts
(Brower et al. 1997; Cay et al. 2004). Beyond the permis-
sible limits, they are generally toxic and some are even haz-
ardous in nature. Chromium, cadmium, lead and zinc are
often present in industrial waste water, which originate from
metal plating, mining activities, smelting, battery manufac-
ture, tanneries, petroleum refineries, paint manufacture, pes-
ticides, pigment manufacture, printing and photographic in-

@ Springer


mailto:drsudipkdas@vsnl.net

Adsorption (2009) 15: 354-364

355

dustries etc. (Kadirvelu and Namasivayam 2000). A vari-
ety of technologies have been developed for the treatment
of heavy metal from waste water. Conventional technolo-
gies for the removal of heavy metal from waste water are
chemical precipitation, ion exchange, electrochemical pre-
cipitation, solvent extraction, membrane separation, concen-
tration, evaporation, reverse osmosis, emulsion per traction
and adsorption (Zhou et al. 1993; Chakravarti et al. 1995;
Kongsricharoern and Polprasert 1996; Ortiz et al. 2003; Trgo
et al. 2006; Gupta et al. 2001; Gupta and Sharma 2002; Sri-
vastava et al. 2006). Among these technologies, adsorption
is a cost-effective and user friendly technique for the re-
moval of heavy metal (Bhattacharya et al. 2006).

Efforts have been made to develop low-cost adsorbents,
for the removal of heavy metal from waste water, are well
documented (Pollard et al. 1992). These adsorbents are
waste slurry, kaolinite clay, clarified sludge, bentonite, red
mud washed with water, red mud acid treated, blast furnace
sludge, phosphatic clay, red mud, paper mill sludge, bagasse
clarified sludge, coffee residues binding with clay, calcined
phosphate etc. (Srivastava et al. 1989, 1997; Degodo et al.
1998; Lopez et al. 1998; Pehlivan et al. 2006).

In steel production using a Basic Oxygen Furnace, for
every ton of crude steel produced about 100-150 kg of
slag/sludge is generated in the form of waste depending
upon the hot metal quality and steel making practice. The
current capacity of crude steel production in India is 26 mtpa
through basic oxygen furnace route and it generates about
3.9 million-ton of sludge waste every year. The sludge ini-
tially in the dust form in the Basic Oxygen Furnace arrested
by hydro jetting and then by venture scrubbers and collected
in clarifier for settling. In most steel plants this sludge is
creating problems related to disposal. Presently it is only
partially reprocessed and a significant proportion is either
dumped or used for land filling (Reddy et al. 2006).

The present study deals with a series of batch adsorption
experiments to investigate and explore the feasibility of clar-
ified sludge as low cost and readily available adsorbent for
removal of the heavy metals from aqueous solutions. Studies
in agitated finite batch mode is important because of the fact
that it yields equilibrium as well as the kinetic data, from
which, parameters like the effective pore diffusivity of the
adsorbate can be extracted that becomes useful for further
analysis like the modeling of industrial packed bed absorber
performance. Generally in adsorption two mass transfer re-
sistances acts in series, namely the external liquid film re-
sistance and the pore diffusion resistance. As in the present
study the experiments were conducted under vigorous agita-
tion, the liquid film resistance was assumed to be negligible
in comparison to the pore diffusion resistance, characterized
by concentration independent effective pore diffusion coef-
ficient (Do) of the adsorbate. The mechanism of pore diffu-
sion was assumed to be in accordance to the mechanism pro-
posed by Shrinking Core Model (SCM) widely accepted in

the study of non-catalytic solid-fluid reaction (Fogler 1997).
A generalized shrinking core model was applied by Jena et
al. (2003) for batch adsorption of a few organics from aque-
ous solutions in porous silica and active carbon particles.
In the present work SCM was applied to generate the time
evolution equation for bulk concentration and radius of pen-
etration in terms of different system parameters including
unknown effective pore diffusivity, followed by a global op-
timization of the same parameter giving the closest match
between experimental findings and the model prediction.
The final outcome of the analysis was the pore diffusiv-
ity values for different systems of metal ions and clari-
fied sludge, along with the characterization and performance
evaluation of clarified sludge as a potential adsorbent for
heavy metals. In addition to that the outcome of SCM was
also compared with the predictions of other diffusion models
in order to establish the gross effectiveness of the proposed
model in analyzing the behavior of the present system.

2 Theoretical analysis

The clarified sludge as adsorbent is assumed to have a spher-
ical shape with diameter same as that of volume-surface
mean diameter of the distribution obtained by screen analy-
sis. Pseudo-steady state diffusion of the adsorbed heavy
metal, i.e., Zn(I), Cr(VI), Cd(Il) and Pb(II) through a spher-
ical shell in a particle of clarified sludge (Fig. 1) is assumed.
The rate of uptake of the metal at any instant is equated to the
rate of removal of the same from the solution. Liquid side re-
sistance to mass transfer has been neglected as the solution
is vigorously shaken. Theoretical analysis and computation
of the diffusivity has been done for all the cases with differ-
ent initial concentrations of the metal in the solution.

The shrinking core model is schematically depicted in
Fig. 1. If C is the metal concentration in the bulk solution
at any time ¢, the flux of the metal in the spherical clarified
sludge particle can be obtained by integrating the diffusion
equation at pseudo-steady state taking diffusivity as a con-
stant, concentration independent parameter of the system.

4w Dy.C
(z— %)

The following mass balance equation relates the shrinking
rate of the virgin core and rate of change of the solid phase
concentration to the instantaneous flux of the metal.

N(1)= ey

N(r) = 4 (R - R3)pYe )
dt|3 f
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Fig. 1 Schematic diagram of
the diffusion system

The average solid phase concentration based on the entire
volume of the particle as a function of solid phase concen-
tration in the outer shell and radius of the core.

_ Ry 3
Y; = Ye,[l — <?> } 3)

The mass balance equation for the entire system in terms of
bulk concentration of the metal solution of volume V and
average solid phase concentration:

dc dy,
W=
dt dt

- @)
where W = mass of clarified sludge added to V' volume of

stirred solution. Now we introduce the following dimension-
less variables and parameters.

=< _Rro Dot
Co’ R’ R2’
')
VCo’ Co

In order to represent the equilibrium relation between solid
and liquid phase concentration Langmuir isotherm is used in
its dimensionless form as:

yic

_ 5 5
1+ kiC (52)

Yer
where kj = koCo and Y§ = Y5Co. Here ko and Y are con-
stant parameters in the actual Langmuir isotherm (Langmuir
1918) expressed as:

_ YsC
T 14+ koC

(5b)

et
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Concentration
! A

Bulk conc., C

Vergin core

Used shell

Taking time derivative of (5a) w.r.t. dimensionless time, ¢*,
we get the following relation:

dYe Y¢ dc* 50)
dr* — (1+k;CH2  dt*

Simplifying (1) and (2) in terms of parameters in dimen-
sionless parameters:

c rPYger  dr
p*(L—1) (I +k5C* dr
LR ®
3 dr\1+k;C*

Incorporating (5¢) in (6),

C* _ r2Y§C* dr
PH(F—1)

T A+KCY dr

(1—rd)Yd dc*

P E——— 7
3(1+k5C*)2 dr* @
Again simplifying (4) using (3) and (5):
1, a=rhrg
dr WF T (+kicn? |dC*
| T e ®)
t 3r2vEC dt*
(I+k5C*)

Finally, solving (7) and (8), the time evolution equation for
both bulk concentration and radius of the unreacted core in
their dimensionless form are as obtained:

dc* Iw*C*
= ©)

dr— pr(-1)
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Fig. 2 XRD study of Clarified 3500
sludge
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W*(1-r)Y§
dr _ [ T e

— = - (10)
di prr(l=r)- (1+k§C*)
Initial conditions for (9) and (10) are taken as: C* = 1.0 and
r = 0.999 (rather than » =1 in order to avoid singularity in
the process of computation) at t* = 0.0. Equations (9) and
(10) can be solved simultaneously to find the time evolution
of bulk concentration, provided all the process parameters
are known. The unknown constant parameter in the expres-
sion namely the diffusivity Dy can be estimated by a global
optimization technique in order to achieve best fit condition
of model predictions with experimental results.

3 Computational method

Equations (9) and (10) are numerically solved by forth or-
der Runge-Kutta method with step size of Ar* = 107> with
a simultaneous global optimization of diffusivity Dg. The
objective function for global optimization is

37

1 del
3 ZZ C*moe

j=li=l1

E(Do) = c;or)? (11)

Seven experimental data points (i = 1, 6) distributed over
the time span of 1.5 hrs, sufficient enough for the system
to reach equilibrium are compared with theoretical coun-
terpart at the same instant of time and calculated error, af-
ter squaring is summed and subsequently averaged for three
different runs (j = 1, 3), characterized by three different ini-
tial concentrations. As the optimization problem is one di-

20 40 60 80 100

20

Table 1 Chemical composition of clarified sludge

Constituent Percent by weight %
Fe,03 48

CaO 234

MgO 2.5

MnO 0.2

SiO, 12.6

Na,O 0.7

K>O 0.5

Loss on ignition 12

mensional, it is solved by simple Fibonacci search technique
(Beveridge and Schecter 1970).

4 Materials and methods

The clarified sludge was collected from the sludge thickener
of Basic Oxygen Furnace of Rourkela Steel Plant, Rourkela,
Orissa, India. The sludge, initially present in the dust form in
the basic oxygen furnace was arrested by hydro jetting fol-
lowed by venturi scrubbers and then collected in a clarifier
for settling. The sample was subjected to characterization
by a variety of methods such as X-ray diffraction (XRD),
chemical analysis, thermo gravimetric analysis (TGA), par-
ticle size, BET surface area, and scanning electron micro-
scope (SEM). The sludge, after collection was ground, ho-
mogenized and dried at 105 & 5°C for 3 hr and there after
cooled to ambient temperature in a desiccators.

The XRD sample was scanned at 2° 26/min with
CuKo radiation. The corresponding diffraction pattern
is shown in the Fig. 2 and it conforms the peaks of
2CaSi0,, 2Ca0Fe, 03, 3Ca0Si0,, and some traces of com-
plex phases of Ca0.Mg0.SiO, with AlO3 and FeO. The
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Table 2 Particle size distribution of the clarified sludge (—44 + 52 mesh: 250-350 um)

250-275 um
0.9%

275-285 um
18.3%

285-295 um
25.1%

295-305 um
10.7%

305-315 um
16.5%

315-325 um 325-335 um 335-350 um
17.2% 8.7% 2.6%

Fig. 3 Scanning Electron Micrographs (SEM) of clarified sludge

formation of Fe; O3 is likely to be on account of the oxida-
tion of the entrapped steel in the sludge due to water quench-
ing. It was also observed that the dicalcium silicate present
in the sludge has both o and g8 forms. The large number
of humps in the pattern indicates some incomplete crystal-
lization in the sludge due to very rapid quenching (Reddy
et al. 2006). Table 1 shows the chemical analysis of the
clarified sludge. Thermo gravimetric analysis was carried
out in Perkin Elmer TGA analyzer (Model TGAG6, Perkin
Elmer, USA) in nitrogen atmosphere between 50-900°C
using a scanning rate of 20°C per minute using 3.72 mg
of sample. The result indicates that the sample contains a
high percentage (88%) of ash (Metal oxide and silica). The
ignition loss might have been resulted due to the presence
of hydroxides in clarified sludge, which get converted into
the respective oxides. The particle of 250-350 um size was
analyzed in a standard Particle Size Distribution analyzer
(Model 117.08, MALVERN Instruments, USA) and the cor-
responding results are shown in Table 2. Using the distribu-
tion data the corresponding volume-surface mean diameter
d p) was calculated to be 302.298 pum. In addition to the par-
ticle size distribution the specific surface area was also deter-
mined by BET method using a surface area analyzer (Model
1750 SORPTY, Carlo Erba, Italy) and was found to be
78.55 m?/g. Figure 3 shows the SEM micrographs (Model
S415A, Hitachi, Japan) of the clarified sludge, which clearly
indicates the irregular and highly porous structure of the
sample.

All the necessary chemicals used in the study were
of analytical grade. Zinc sulphate [ZnSO4, 7TH,0O], potas-
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sium dichromate [K>Cr,O7], cadmium nitrate tetrahydrate
[CA(NO3);,4H,0] and lead nitrate [Pb(NO3),] were ob-
tained from E. Merck India Limited, Mumbai, India. Stock
solution of the above heavy metals was made by dissolving
exact amount of respective the metal salt. The range of con-
centration of the metal components prepared from the stock
solution was varied between 3 mg/L to 300 mg/L. The test
solutions were prepared by diluting 1 g/L of stock metal so-
lution with double distilled water.

The necessary amount of clarified sludge was taken in a
250 ml stopper conical flask containing 100 ml of desired
concentration of the test solution for the batch adsorption
studies at the desired pH value. Different initial concen-
tration of metal solutions was prepared by proper dilution
from stock 1000-ppm metal standard. pH of the solution
was monitored in a 5500 EUTECH pH Meter using FET
solid electrode (calibrated with standard buffer solutions) by
adding 0.1 M HCI and NaOH solutions as per the required
pH value. Necessary amount of clarified sludge was then
added and the contents in the flask were shaken for the de-
sired contact time in an electrically thermo stated reciprocat-
ing shaker operating at the rate of 120—130 strokes/minute
under a constant temperature condition of 30 £ 2°C (room
temperature). The time required for reaching the equilibrium
condition was estimated by drawing samples at a regular
interval of time till the equilibrium was reached. The con-
tents of the flask were then filtered with standard filter paper
and the filtrate was analyzed for the residual metal present
in the sample using Atomic Absorption Spectrophotometer
(Varian SpetraAA 55, USA) as per the procedure laid down
in APHA, AWWA standard methods for testing water and
wastewater, 1998 edition (APHA, AWNA Standard Meth-
ods 1998).

5 Results and discussion

5.1 Optimum operating conditions and the adsorption
isotherms

Initially, the parametric studies, i.e., to find the effect of dif-
ferent parameters like the initial concentration of the metal
salts, the adsorbent dosage, pH, and the contact time on the
equilibrium percentage removal were carried out to deter-
mine the operating conditions. It was found that percentage
removal of the heavy metals monotonically decreases with
the increase of initial concentration where as on the other



Adsorption (2009) 15: 354-364

359

Fig. 4 Variation of equilibrium 102
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hand it increases with the adsorbent dosage up to a definite
limiting value, different for different metals after which it
remains constant. The variation of % removal with respect
to adsorbent dosage for four different heavy metals is shown
in Fig. 4. On the other hand the variation of % removal with
respect to pH at a fixed adsorbent dosage for four different
heavy metals is shown in Fig. 5. It can be clearly observed
from the figure that except Cr(VI) the maximum % removal
takes place at pH = 5, where for Cr(VI) is shifts to 3. In
order to be more informative the optimum operating con-
ditions (pH and adsorbent dosage) for four different heavy
metals are given in Table 3.

In order to determine the Langmuir adsorption isotherm
parameters (ko and Yg) equilibrium studies were conducted
under the corresponding optimum operating conditions. The
linear representation of the isotherm i.e., the y% vs C plot
for four different heavy metals are shown in Fig. 6 [Cr(V])

6 8 10 12
pH

Table 3 Optimum operating conditions for equilibrium as well as dy-
namic adsorption study

Metal ion Initial pH Adsorbent dosage Contact time
(g/L) (hr.)

Zn(1I) 5 10 3

Cr(VD) 3 10 3

Cddn 5 7.5 2

Pb(I) 5 5 2

& Cd{I)] and 7 [Zn(IT) & Pb(I)]. The Langmuir constants
determined from the slope and intercept of the linear plots
are shown in Table 4. The listed correlation coefficients as
well as the corresponding standard deviations clearly in-
dicate that the Langmuir isotherm can well describe the
equilibrium adsorption characteristics of the present sys-
tem.
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Fig. 6 Langmuir plot for 3.0
Cr(VI) and Cd(II) at optimum
operating conditions
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Table 4 Langmuir constants at optimum operating condition

Metal ion Langmuir constant
ko Y R? SD
(L/mg) L/g)
Zn(II) 0.299 4.641 0.9986 0.0089
Cr(VID) 0.134 3.505 0.9761 0.0119
Cddn 0.14 5.055 0.9986 0.0497
Pb(1I) 0.116 10.713 0.9962 0.0547

5.2 Dynamic concentration profile

Dimensionless concentration (C%) vs time data generated
numerically after solving (9) and (10) with simultaneous op-
timization of pore diffusion coefficient (D) were compared
with experimental values. Figures 8 to 11 shows a com-
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parative plot of model prediction and experimental data at
three different initial concentrations of 10, 25 and 50 mg/L
for four different metal ions, i.e., Zn(II), Cr(VI), Cd(II) and
Pb(II) in combination with clarified sludge as the sole ad-
sorbent. All these figures show a very good agreement of
the model prediction with experimental data, with a maxi-
mum standard deviation well within 0.13, which establishes
the general validity of SCM in describing the adsorption of
different metals on clarified sludge. The necessary outcome
of the present work can be finally summarized in terms of
pore diffusivity values of different metal ions in clarified
sludge as given in Table 5. In terms of increasing order of
pore diffusivity the stated metal ions can be arranged as fol-
lows: Cr(VI), Cd(Il), Zn(II), Pb(Il). In addition to the pore
diffusivities degree of penetrations of different metal ions in
the clarified sludge were also evaluated as shown in Fig. 12,
in order to avoid the redundancy the trend of penetration vs
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Fig. 8 Variation of 1.2
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Fig. 11 Variation of 1.2
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Table 5 Value of diffusivity obtained by the SC model

Metal ion Diffusivity SD
(cm?/s)

Zn(IT) 4.7 x 1077 0.11

Cr(VI) 1.8x 1077 0.09

Cd(ID) 2.3 %1077 0.13

Pb(II) 7.3 x 1077 0.06

time is only given for Pb(II)-Clarified Sludge system. The
outcome of this work may be very much useful in the de-
sign and simulation of the actual packed bed adsorption col-
umn and it also establishes the utility of clarified sludge as
a potential adsorbent for the treatment of industrial effluents
containing toxic metal ions.

@ Springer

5.3 Comparison of the proposed shrinking core model with
other diffusion models

For noncatalytic reactions of particle with surrounding fluid,
two idealized group of models are generally used, the pro-
gressive conversion model (PCM) and the shrinking core
model (SCM). Both can be easily extended to analyze the
solid-liquid adsorption system. The PCM extended for ad-
sorption studies visualizes that the adsorbate enters and get
adsorbed throughout the solid adsorbent at all times, most
likely at different rates at different locations within the par-
ticle (Fogler 1997). In order to establish the gross effective-
ness of SCM the predictions of the proposed model was
compared with two standard forms of PCM, namely the dif-
fusion model according to Vermeulen’s approximation (In-



Adsorption (2009) 15: 354-364

363

Fig. 13 Comparison of the
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glezakis and Grigoropoulous 2001) and the parabolic diffu-
sion model (Aharoni et al. 1998).

According to Vermeulen’s approximation impregnated
diffusion model In(1 — F?) vs ¢ should give a straight line

2D, 1—-C*(¢
Do, where F = (ae (D = and C* (1)l equi

C*(Dlequ
is the dimensionless concentration at eq(u)i‘liqbrium. Figure 13
shows the comparative plot of two models (Vermeulen’s and
the proposed one) with respect to discrete experimental data
points for CLS-Zn(II) system. It can be clearly noted that the
proposed SCM gives much better result that its PCM coun-
terpart, which is being confirmed by the corresponding stan-
dard deviations found to be 0.35 and 0.13 for Vermeulen’s
and the proposed SCM respectively.

On the other hand the parabolic diffusion model predicts

a linear relationship between ? and Ll Once again the cor-
12

with a slope of

(Time)'”z, g2

responding comparative plot is shown in Fig. 14 for CLS-
Zn(I) system, which clearly reflects the general superiority
of SCM over PCM in describing the dynamic response of
the present system. The standard deviation for the parabolic
model was calculated to be 0.21, whereas for the proposed
SCM it is well within 0.09.

The comparative analysis clearly reflects the general ap-
plicability of SCM over PCM in describing the dynamic be-
havior of the present system under different parametric con-
ditions.

6 Conclusion

In the present work, performance of clarified sludge ob-
tained from industrial waste was analyzed as an adsorbent
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for the removal of metal ions from aqueous solution. An
extensive characterization of the sludge was conducted in
terms of physical properties, composition and the surface
characteristics. Batch adsorption studies were conducted to
generate experimental time evolution data of concentration,
which as a basis were used to validate Shrinking Core Model
formulated to simulate the process of adsorption. This was
followed by a global optimization in order to extract the
pore diffusivity data for different metal ions in the clarified
sludge. Additionally the performance of SCM was also com-
pared with that of two other diffusion models, which clearly
indicates a gross effectiveness of SCM over other models in
analyzing the behavior of the present system. The outcome
of the present analysis, in particular the pore diffusivity val-
ues can be used in the modeling and simulation of the ac-
tual industrial adsorption column, where from the optimum
operating conditions or efficient control strategy can be ex-
tracted.
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