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A B S T R AC T

Phenols and Phenolics are considered to be potentially hazardous water pollutants. Parachloro-
metaxylenol (PCMX) is the major component of several disinfectants, produced commercially 
by well-known pharmaceutical companies. Adsorption of PCMX in various combinations of 
adsorbents, both natural and artifi cial, has been studied. Specially, water hyacinth (Eichhornia 
crassipes [Mart] Solms-Laubach) stems were used as adsorbent in combination with p owdered 
activated carbon (PAC) and granular activated carbon (GAC). Five equilibrium isotherm mod-
els, namely, Tempkin Isotherm, Freundlich Isotherm, Langmuir Isotherm, Redlich-Peterson 
Isotherm and Toth Isotherm were studied and parameterized. The dynamics of fi xed-bed 
adsorption columns for modeling is a demanding task due to the strong nonlinearities in the 
equilibrium isotherms, interference effects of the competition of solutes for adsorbent sites, mass 
transfer resistances between fl uid phase and solid phase and fl uid-dynamic dispersion phe-
nomena. A mathematical model has been studied for a fi xed bed isothermal adsorption column 
with porous adsorbent. Simulations were carried out to understand the specifi c infl uence of 
inter-pellet diffusion and external fi lm resistance. The effect of fl ow rate, bed length and initial 
concentration of adsorbate were studied. Rapid occurrence of breakthrough time was observed 
for higher fl ow rates of effl uent, lower bed height and high initial concentration of effl uent.

Keywords:  Pharmaceutical waste water; Water hyacinth; Parachloro-metaxylenal; Dynamic
simulation; Intra pellet diffusion; Breakthrough

1. Introduction

Phenol and its corresponding substituted com-
pounds are important environmental pollutants because 
of their toxic effects towards life in the aquatic environ-
ment even when present in small concentrations as 
demonstrated by Mbui et al. and I. Polaert [1,2].

Phenol and its vapors are corrosive to the eyes, the 
skin, and the respiratory tract [3]. Repeated or p rolonged 
skin contact with phenol may cause dermatitis, or even 

second and third-degree burns due to phenol’s caustic 
and defatting properties [4]. Inhalation of phenol vapor 
may cause lung edema, affects the central nervous system 
and heart, resulting in dysrhythmia, seizures, and coma 
[3,5]. Repeated exposure of phenol may have harmful 
effects on the liver and kidneys [6]. The major mechanism 
for the toxicity of phenol, other than its hydrophobic 
character, may be the formation of phenoxyl radicals [7].

Several potential sources of phenolic compounds 
have been widely used in industry and agriculture 
and this has led to the classifi cation of phenol itself 
and ten other substituted phenols by the United States 
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Environmental Protection Agency (USEPA) as priority 
pollutants. Phenol is classifi ed as a ‘Class B’ poison by 
the interstate commission, reported by Mbui et al. [1]. 
Phenolics are key components of the effl uents from 
coke production, coal gasifi cation, pharmaceuticals, 
pesticides, fertilizers, dye manufacturing, synthetic 
chemicals, pulp and paper industries. According to the 
US EPA maximum concentration level of total phenolic 
compounds in the treated industrial effl uent and water 
supplies should be less than 1 μg/ml [8]. The permissible 
limit of phenol and phenolics for the treated industrial 
effl uents is 1 mg/l as mentioned by Central Pollution 
Control Board (CPCB), India [9]. Therefore it seems to be 
extremely important to remove the PCMX from water 
and wastewater before its transport and cycling into the 
natural environment. This in turn poses real challenges 
for the developing countries to evolve effi cient tech-
niques for their removal.

Water Hyacinth is a perennial aquatic herb (Eichhor-
nia crassipes) which belongs to the family Pontedericeae, 
closely related to the Liliaceae (lily family). The mature 
plant consists of long, pendant roots, rhizomes, stolons, 
leaves, infl orescences and fruit clusters. The plants are up 
to 1 m high although 40 cm is the more usual height. The 
infl orescence bears 6–10 lily-like fl  owers, each 4–7 cm 
in diameter. The stems and leaves contain air-fi lled tis-
sue which give the plant its considerable buoyancy and 
also make the stems suitable for physical adsorption 
of some water borne toxic materials. Wolverton and 
McKown report that the water hyacinth (Eichhornia
crassipes [Mart] Solms-Laubach) is a large, free-fl oat-
ing, tropical aquatic plant [10]. Water hyacinths grow 
most rapidly in water temperatures ranging from 28°C 
to 30°C and at a pH in the range of 4.0 to 8.0. They 
cease to grow when water temperature is above 40° 
or below 10°C, and the pH range for growth is below 
4.0. On many occasions it has been demonstrated that 
this weed is excellent for the removal of pollutants for 
domestic waste water. Abdel-Halim et al. reports that 
the percent removal of lead was 100% by bone powder, 
90% by active carbon, 80% by plant powder from water 
hyacinth and 50% by commercial carbon [11]. A study by 
Kruatrachue et al. demonstrates the phytoremediation 
potential of water hyacinth (Eichhornia crassipes), for the 
removal of cadmium (Cd) and zinc (Zn) [12]. Removal 
of Chlorophenols from waste water by bio-fi lm and bio-
fi lm components has been reported in many literatures 
[13,14].

The dynamics of fi xed-bed adsorption columns for 
modeling is a demanding task due to the strong nonlin-
earities in the equilibrium isotherms, interference effects 
of the competition of solutes for adsorbent sites, mass 
transfer resistances between fl uid phase and solid phase, 

and fl uid-dynamic dispersion phenomena. The interac-
tion of these effects produces steep concentration fronts, 
which move along the column during the adsorption 
process. This has to be accounted for while modeling the 
system. Most of the reported studies on adsorptive sepa-
ration have been related to the equilibrium and kinetic 
studies and their adsorption behaviours as a single com-
ponent as well as multi-component systems [15–24]. 
Adsorbents used were activated carbon, molecular sieves 
and sometimes specially developed adsorbents. These 
studies discussed the mass transfer mechanism, adsorp-
tive capacities of the adsorbents, suitability of the type 
of isotherm to represent the equilibrium and effects of 
parameters controlling the dynamics of the system. Bed 
performances with respect to geometry, physical and 
operating parameters need to be attempted, including 
the mechanism of the process and concentration histories. 
Pore and solid diffusion models for fi xed bed adsorbers 
were developed by Weber and Chakravorti [25]. Kucu-
kosmanoglu et al. have studied the adsorption behaviors 
of Methylene Blue and Methyl Orange on a diaminoeth-
ane sporopollenin (DAE-S) solid phase [26]. Such inves-
tigations were performed in a column arrangement, and 
breakthrough profi les were used in evaluations and 
quantifi cations. Removal of PCMX by dried and dead 
water hyacinth stems has been attempted for the fi rst 
time in a packed bed column (operated continuously) in 
this research work. Batch equilibrium analysis by Sad-
hukhan et al. is appealing and forms the basis for the 
design of the packed column [27]. Here, the adsorption 
behaviors were evaluated using some standard adsorp-
tion isotherm models. A number of well known isotherm 
models (e.g., Tempkin Isotherm, Freundlich Isotherm, 
Langmuir Isotherm, Redlich-Peterson I sotherm and 
Toth Isotherm) have been discussed and the parameters 
of fi ve different adsorption isotherms were estimated 
using a robust non-linear least square scheme, based on 
chi-squared minimization, established by Levenberg and 
Marquardt. The uncertainties on the estimated param-
eters were computed, along with the range of confi dence 
limits. Later, these models were ranked according to 
their performance, based on minimum χ2.

Simulations were carried out to understand the 
infl uence of axial dispersion, radial diffusion, inter-
pellet diffusion and external fi lm resistance on adsorp-
tion using the above model. The partial differential 
equations were solved simultaneously using the pdepe 
function of MATLAB 7.0, based on various fi nite differ-
ence schemes. The effect of fl ow rate, bed height and 
initial concentration of adsorbate was studied. Rapid 
occurrence of breakthrough time was observed for 
higher fl ow rates of effl uent, lower bed height and high 
initial concentration of effl uent.
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2. Experimental methods

These were thoroughly washed to remove mud and 
any other dirt particles. These were then dried under the 
sunlight for 3–4 d. These were cut into small cylindrical 
pieces and thus became ready to be used for the experi-
ment with no specifi ed size. All the reagents used were 
of analytical grade and their solutions were made up in 
ultra pure water (HPLC Grade Water, fi ltered through 
0.2 micron fi lters, maximum absorbance 0.204 at 210 nm, 
Make: Ranchem, India). Specifi cally the PCMX stan-
dards were made from pharmaceutical grade PCMX of 
Reckitt and Benckiser (India) Ltd. A 330–900 nm wave-
length spectrophotometer (Make: PERKIN ELMER, 
Model: PRECISELY LAMDA 25 UV/Visible) equipped 
with a standard 10 nm path length sample cell was used 
for absorption measurement of PCMX. An accumet sil-
ver–silver combination pH electrode (Model 15, Fischer 
Scientifi c, and USA) was used for pH measurements.

The apparatus for dynamic study comprised of a 
storage tank, a pumping arrangement, a distribution 
system and a packed-bed adsorption column (see Fig. 1). 
The inlet of the adsorption column was equipped with a 
distribution system in order to get uniform fl ow across 
the cross section of the adsorption column and also to 
minimize the effect of channeling. The distributor had 
0.5 mm diameter pores throughout the cross section. 
The distribution system comprised of a rotating head 
arrangement in order to measure the fl ow rate and also 
to load and unload the packing material in the adsorp-
tion column. The column was packed with aquatic 
m acrophytes (water hyacinth stems), activated charcoal 
and sand usually in the ratio of 2:1:1.5. However we used 
three different compositions of the bed (A, B and C), and 
these were chosen after several batch experiments.

The column was loosely packed as the dried aquatic 
macrophytes were swollen with the absorption of water 
and thus the void fraction of the column decreased with 
time. The effl uent coming out from the column was col-
lected at regular intervals and analyzed for the concen-
trations of the PCMX in the spectrophotometer using 
standard analytical protocol. The experiments were 
carried out at different fl ow rates, feed concentrations 
and bed heights without changing the ratio of the adsor-
bents. Only in certain experiments, necessary for the 
validation of the mathematical model, different compo-
sitions of the bed were used. The inside diameter of the 
fi xed bed column is 8 cm. The bed heights were varied 
from 8.5 cm to 18 cm.

3. Modeling

Fig. 2 and Fig. 3 represent the front view and top 
view of the two dimensional differential control volume 
of the composite fi xed bed respectively.

The one-dimensional solute transport model in the 
fi xed bed (which describes the adsorption dynamics) is 
described by the convection-diffusion model.

Adsorption column

Distribution system

Inlet

Centrifugal
pump

Outlet 

Holding
stand

Storage
tank

Bypass of pump

Table

Fig. 1. Experimental setup for the dynamic study.
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of the composite fi xed bed (Top View).
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The overall mass balance gives:
Accumulation = Output – Input + Generation due to 

mass transfer
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Eq. (1) represents the variation of solute concentra-
tion in the adsorber bed, with respect to space and time.

The above equation is based on the following 
assumptions:

1. Flow is one-dimensional in the vertical direction and 
uniform across the cross-sectional area.

2. The bed is fully saturated, (i.e., all interparticle voids 
are fi lled with liquid).

3. There is negligible mass transfer resistance on the 
l iquid side.

4. The velocity of the liquid phase is constant along the 
column.

5. The adsorbent particles are spherical and homog-
enous in size and density.

6. The void fraction of the column decreased with time.

The initial conditions considered are given by:

C C z =C z0 0,   (2)

C z L0, 0  <  (3)

The boundary conditions at both ends of the column 
are:
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3.1. Intra-Pellet adsorption

The intra-pellet adsorption is governed by the pore 
diffusion transport model. Intra–particle mass transport 
is due to Fickian diffusion, and is characterized by the 

pore diffusion coeffi cient Dp. The mass balance equation 
for the liquid phase (pore) in a spherical particle can be 
written as:
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Here εp is the particle porosity; Cp is solute concentration 
inside the particle.

Assuming instantaneous equilibrium is given by
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Modifying the Eq. (6) using the above equation, we 
obtain the following equation.
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The initial condition considered is given by

C r a tp pr a ,<  = 0
 (9)

The symmetry condition at the centre of the particles 
and the condition of continuity on the external surface 
of the adsorbent bed are expressed simultaneously by:
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3.2. Adsorption isotherms

Table 1 demonstrates various adsorption isotherms 
along with the parameterized εcoeffi cients.

The solution algorithm was done with the help 
of MATLAB 7.0 using the pdepe function. The pdepe 
f unction is useful in solving such initial value boundary 
partial differential equation in one dimensional space–
time system.

pdepe solves PDEs of the form:
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The PDEs hold for t0 ≤ t ≤ tf and a ≤ x ≤ b. The interval 
[a, b] must be fi nite. m can be 0, 1, or 2, corresponding 
to slab, cylindrical, or spherical symmetry, respectively.

In the above equation, f x t uxx ,u / )x∂ ∂u/  is a fl ux term 
and s t u( ,x , ,u / )x∂ ∂u/  is a source term. The coupling of the 
partial derivative with respect to time is restricted to 
multiplication by a diagonal matrix c t u( ,x , ,u / )x∂ ∂u/ .

For t = t0 and all x, the solution components satisfy 
initial conditions of the form
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The command line statement sol=pdepe(m,@pdefun,
@icfun,@bcfun,xmesh,tspan) solves initial-boundary 
value problems for systems of parabolic and elliptic 
PDEs in the one space variable and time. The ordinary 
differential equations (ODEs) resulting from discreti-
zation in space were integrated to obtain approximate 
solutions at times specifi ed in tspan. The pdepe function 
returned values of the solution on a mesh provided in 
xmesh. @pdefun, @icfun and @bcfun are function handles 
to the pdepe, the initial condition and the boundary con-
dition respectively.

In the solution of the above PDE [Eq. (1)],
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Similarly for the solution of the Eq. (8) the set of the 
variable declaration was done and hence the equations 
were simultaneously solved to produce the required 
output within the boundaries of the experiment. The 
arrays of zmesh and tspan were appropriately defi ned 
to generate the profi le of solute concentration distribu-
tion in the adsorber bed. The values of other parameters 
have been experimentally determined and are hence-
forth used in the simulation of the model.

4. Results and discussion

PCMX is the major component of the very popular 
antiseptic DETTOL. We expect the untreated effl uent of 

Table 1
Parameter estimation and uncertainty analysis

Sample Model k1 k2 d.f.   χ2 ρ(χ2) Uncertainties on RANK  95% Confi dence
 limits (k1)

95% Confi dence
limit (k2)

       k1 k2   Lower Upper Lower Upper

ADRB1 1 1.4412 0.3460 8 6.3635 0.3934 0.0037 0.0014 1 1.4296 1.4528 0.3414 0.3506
2 1.6300 1.0442 8 217.8541 1.000 0.0399 0.0274 4 1.5056 1.7543 0.9587 1.1297
3 1.6769 0.1851 8 7.0906 0.4731 0.0248 0.0065 3 1.5995 1.7543 0.1647 0.2055
4 0.3629 0.2007 8 690.5615 1.000 219.9534 654.3190 5 –684.6781 685.4038 –2037.6644 2038.0657
5 1.7838 0.2129 8 6.7481 0.4359 0.0324 0.0083 2 1.6827 1.8849 0.1869 0.2389

ADRB2 1 1.6531 0.3941 6 11.5901 0.9282 0.0178 0.0077 1 1.5976 1.7087 0.3699 0.4182
2 1.7294 0.8670 6 199.9912 1.000 0.0779 0.0305 2 1.4865 1.9723 0.7719 0.9621
3 0.3629 0.2007 6 388.8946 1.000 0.0856 0.0892 4 0.0961 0.6296 –0.0771 0.4785
4 0.3629 0.2007 6 489.3833 1.000 540.6232 2118.0153 5 –1683.3985 1684.1242 –6596.3203 6596.7216
5 0.3629 0.2007 6 385.7939 1.000 0.0892 0.0883 3 0.0849 0.6408 –0.0743 0.4757

ADRB3 1 0.3629 0.2006 8 1.1468 0.0028 0.0031 0.0037 1 0.3531 0.3726 0.1889 0.2123
2 0.3850 0.9240 8 1.4034 0.0058 0.0121 0.0981 3 0.3472 0.4228 0.6183 1.2297
3 2.3721 5.2417 8 1.3384 0.0049 126.0131 318.9120 2 –390.0936 394.8380 –988.0041 998.4876
4 0.4104 –0.1281 8 4.0930 0.1513 71.8360 267.3928 5 –223.3217 224.1425 –832.9183 832.6620

 5 1.2026 1.9784 8 1.5882 0.0088 5.9189 12.0456 4 –17.2318 19.6372 –35.5374 39.4943
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the DETTOL Plant to contain very high levels of PCMX 
(in the range of 100 ppm to 400 ppm depending on the 
rate of production). We attempted to remove this PCMX 
by physical adsorption using various combinations of 
natural adsorbents. Experiments were carried out to 
obtain the adsorption equilibrium data to parameterize 
fi ve popular isotherms [27]. Later a fi xed bed adsorption 
system was designed to treat the plant effl uent continu-
ously. Following composition profi les were maintained.

Composition A: Water hyacinth 62 g, charcoal 31 gm, 
sand 46.5 gm.

Composition B: Water hyacinth 42 g, charcoal 21 gm, 
sand 31.5 gm.

A pore diffusion model was developed including 
intra-pellet adsorption. Various scenarios were simu-
lated dynamically. These included variations in fl ow 
rate, bed height and initial feed concentration.

4.1. Results of the batch equilibrium study

Morphology of Water Hyacinth stems was done 
using Scanning Electron Microscope (Make: JEOL; 
Model: JSM 5800) at three different resolutions (Refer 
Fig. 4a and Fig. 4b). Surface area of the water hya-
cinth stems has been measured by BET method (Make: 
Quantachrome; Model: NOVA 40003). BET surface area 
of the sample has been found to be 19.54 m2/g with 
Nitrogen as the adsorbate, as compared to that of tea 
factory waste being 0.30 m2/g, xanthated chitosan being 
0.49 m2/g and that of lead monoxide powder being 
0.25 m2/g [28–30]. Fig. 4a and Fig. 4b clearly reveal the 
surface texture, fl ocs, and different levels of porosity in 
the water hyacinth stems under study. Parameter esti-
mation results are given in Table 1 where the uncer-
tainties and confi dence intervals of each parameter are 
presented for each of the models for various samples.

The Tempkin isotherm yields the best fi t for all the 
samples, having performed better than Freundlich 
Isotherm. Model 1(based on Tempkin Isotherm) was 
ranked 1 in case of all the 3 samples.

4.2. Effect of changing fl ow rate

The results for different feed fl ow rates are plot-
ted for an average bed height of 19.5 cm and an inlet 
adsorbate concentration of 137.79 mg/l and 178.82 mg/l 
respectively in Fig. 5 and Fig. 6. It shows that as the 
fl ow rate increases from 1.23 to 2.7 ml/sec, the break-
through curve becomes steeper. The experimental break 
point time decreases from 85 (Fig. 5) to 50 min (Fig. 6).
Corresponding breakpoints are observed at 80 and 
45 min respectively with the modeled data. This is quite 
expected if we take into account the relatively higher 
time needed to reach adsorption equilibrium with 

Fig. 4. Scanning electron micrograph of Water Hyacinth 
(E. crassipes) Stem.

material of the composite fi xed bed. Indeed, the higher 
the fl ow rate, the lower is the contact time between 
the solute and the substrate. So at high fl ow rate the 
adsorbate solution leaves the column before achieving 
equilibrium. Furthermore, a fi xed saturation capacity 
of the bed, based on the same driving force, gives rise 
to a shorter time for saturation at higher fl ow rate. The 
variation of fl ow rate leads to variations in turbulence 
inside the bed interstices affecting the mass transfer rate. 
It is also observed from the fi gures that with decrease 
in fl ow-rate, the breakthrough occurs late and there is 
almost a proportionate increase in breakthrough time 
with the decrease in fl ow-rate.

4.3. Effect of changing bed height

The effect of bed height on the effl uent adsorbate 
concentration is presented in Fig. 7 for a bed height of 
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Fig. 5. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 137.79 mg/l; 
Average Bed Height = 19.5 cm; Flow rate V0=1.23 ml/s; Bed 
Composition: A.
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Fig. 6. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 178.82 mg/l; 
Average Bed Height = 19.5 cm; Flow rate V0=2.7 ml/s; Bed 
Composition: A.

10.5 cm, fl ow rate of 1.23 ml/s and inlet adsorbate con-
centration of 160.0 mg/l and in Fig. 8 for a bed height 
of 19.5 cm, a fl ow rate of 1.23 ml/s and inlet adsorbate 
concentration of 178.82 mg/l. It is observed that with the 
increase in bed height from 10.5 cm to 19.5 cm, the exper-
imental break point time increases from 28 to 35 min. 
Corresponding breakpoints are observed at 35 and 
37 min respectively with the modeled data. This shows that
the bed is saturated in less time for smaller bed heights. 
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Fig. 8. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 178.82 mg/l; 
Average Bed Height = 19.5 cm; Flow rate V0=1.23 ml/s; Bed 
Composition: A.

90

100

110

120

130

140

150

160

170

5 25 45 65 85

Time (min)

O
ut

le
t P

C
M

X
 C

on
ce

nt
ra

tio
n 

(m
g

/l
)

Experimental Data

Tempkin Model

Langmuir Model

Freundlich Model

Fig. 7. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 160.0 mg/l; 
Average Bed Height = 10.5 cm; Flow rate V0=1.23 ml/s; Bed 
Composition: A.

A shorter bed length implies a smaller capacity of the 
bed to adsorb the adsorbate from solution and hence a 
faster increase in the rate of adsorption. For a longer bed 
the mass transfer zone would be contained within the 
bed. In such cases the concentration breakthrough curves 
would remain unchanged with change in the bed length. 
The effect of bed length would be prominent for shorter 
bed lengths due to the axial dispersion within the beds. 
The infl ow rate would affect these scenarios immensely.
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4.4. Effect of changing initial concentrations

The effect of inlet adsorbate concentration on effl u-
ent concentration is shown in Fig. 9 and Fig. 10. Other 
parameters such as bed height and fl ow rate were kept 
constant. It was observed that as the inlet adsorbate con-
centration decreased from 178.82 to 174.10 mg/l, the 
experimental break point time increased from 25 to 40 min.

Corresponding breakpoints are observed at 35 and 
25 min respectively with the modeled data. For larger 
feed concentration, steeper breakthrough curves are 
found, because of the lower mass-transfer fl ux from the 
bulk solution to the particle surface due to the weaker 
driving force. In addition, at high concentration, the 
isotherm gradient is smaller, yielding a higher driving 
force along the pores. Thus the equilibrium was attained 
faster for higher adsorbate concentration. Early concen-
tration breakthroughs, with higher inlet concentration 
may be attributed to the fact that higher liquid phase 
PCMX concentration increases the mass transfer rate at 
the early stage of adsorption and is expected to get early 
and steep breakthrough.

In the simulation program we have assumed that the 
entire length is used up for adsorption from the begin-
ning. However, it did not happen in practice. One part 
of the bed length remained unused at the beginning, 
while rapid adsorption took place when the entire bed 
came in contact with the solution. Overall mass trans-
fer coeffi cient, k is defi ned here as the surface area per 
unit volume of water hyacinth. It is indicative of strong 
or poor adsorptivity of adsorbent. It may be improved 
either by making bigger pore sizes, facilitating mecha-
nism of transport or by improving the adsorbate-adsor-
bent affi nity through surface modifi cation.

5. Conclusions

A dynamic adsorption study was carried out on 
the removal of PCMX from wastewater using a com-
posite adsorbent bed containing both natural and 
artifi cial adsorbents. Water-hyacinth appeared to be 
very effective in removing the PCMX from the effl u-
ent. Equilibrium results were modeled and evaluated 
using fi ve different isotherms and the well known 
Levenburg-Marquardt parameter estimation method, 
based on the χ2minimization. Tempkin isotherm gave 
the best fi t. As fl ow rate increased, the breakthrough 
curves became steeper. The experimental break point 
time matched very well with the modeled ones. It was 
also observed from the fi gures that decrease in fl ow-
rate caused late breakthrough and there was almost 
a proportionate increase in breakthrough time with 
the decrease in fl ow-rate. For larger feed concentra-
tions, steeper breakthrough curves were obtained due 
to lower mass-transfer fl ux from the bulk solution to 
the particle the driving force being weaker. Early con-
centration breakthroughs, with higher inlet concentra-
tion, might be attributed to the higher mass transfer 
rate due to higher liquid phase PCMX concentration at 
the early stage of adsorption resulting in steep break-
through.
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Fig. 10. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 174.10 mg/l; 
Average Bed Height = 19.5 cm; Flow rate V0 = 1.23 ml/s; Bed 
Composition: A.
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Fig. 9. Temporal variation of PCMX Concentration at the bed 
outlet (mg/l) with Initial Feed Concentration = 174.10 mg/l; 
Average Bed Height = 19.5 cm; Flow rate V0= 2.7 ml/s; Bed 
Composition: A.
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Though the model simulation results were suc-
cessfully validated with the experimental data, more 
experiments should be carried out. This would require 
measurements accounting the extreme variations in fl ow 
rate, bed heights, bed composition and initial concentra-
tion. It would also be essential to determine unacceptable
end effects in the column that account for such variabil-
ity in order to have a fi rm basis for developing guide-
lines for operating such columns under specifi c bounds.

Appendix I

I.1. Models for adsorption isotherms

I.1.1. The tempkin isotherm (Model 1)

Tempkin considered the effects of some indirect 
adsorbate/adsorbate interactions on adsorption iso-
therms suggested that the heat of adsorption of all the 
molecules in the layer would decrease linearly with cov-
erage due to these interactions [31]. The Tempkin iso-
therm has been used in the following form:

q k C kk C 1C kC2 l g (I.1)

Here q is the equilibrium solid phase concentration 
in mg per 100 ml per gm of adsorbent C is the equilib-
rium liquid phase concentration in mg per 100 ml. The 
constant k1 is related to the heat of adsorption.

I.1.2. The freundlich isotherm (Model 2)

 The Freundlich expression assumes that the adsor-
bate concentration increases along with the concentra-
tion of adsorbate on the adsorbent surface:

q k k( )C1
2

 (I.2)

In this equation k1, k2 are the Freundlich constants. 
This expression is characterized by the heterogene-
ity factor, k2 so this isotherm may be used to describe 
various heterogeneous systems [32,33]. The Freundlich 
equation agrees well with the Langmuir equation over 
moderate concentration ranges but, unlike the Lang-
muir expression, it does not reduce to the linear iso-
therm (Henry’s law) at low surface coverage. Both these 
theories suffer from the disadvantage that equilibrium 
data over a wide concentration range cannot be fi tted 
with a single set of constant.

I.1.3. The langmuir isotherm (Model 3)

The theory for Langmuir isotherms assumes a 
monolayer coverage of adsorbate over a homogenous 

adsorbent surface. Therefore, at equilibrium, a satura-
tion point is reached where no further adsorption can 
occur adsorption takes place at specifi c homogeneous 
sites within the adsorbent. In the following equation, k1, 
k2 are the Langmuir constants:

q
k C

k C
= 1

2
(I.3)

I.2. Parameter estimation (Cabrera and Grau, 2006)

The nonlinear Levenburg-Marquardt parameter 
estimation method, as described in the function LMF of 
MATLAB Version 7.0 was used to obtain the parameters 
in each of the three models described in equations 1 till 3. 
In this method, we usually defi ne a merit function, SSQ 
(Sum of the SQuares of the deviations) and determine 
the best-fi t parameters by its minimization. Given a set 
of empirical data pairs of independent and dependent 
variables, (xi, yi), we optimize the parameters β of the 
model curve f(x, β) so that the sum of the squares of the 
deviations become minimal.

S y f
i

m
y fi f( )β yi ( )βxix⎡⎣ ⎤⎦⎤⎤

=
∑∑ 2

1  
(I.4)

The parameters are iteratively adjusted, due to non-
linear dependences, to minimize the SSQ in order to 
achieve a global minimum. We start with a set of trial 
values for the parameters to be estimated, which are 
gradually improved. The procedure is then repeated 
until the SSQ effectively stops decreasing. A sensitivity 
matrix was derived for the three models for the adsorp-
tion function (amount adsorbed/unit amount of adsor-
bent used versus equilibrium Cr (VI) concentration) 
with respect to the parameters k1 and k2.

The gradient matrix can be written as:
For Model 1:

∂
∂

=q
k1

1 0
 

(I.1a)

∂
∂

=q
k

C
2

log
 

(I.1b)

For Model 2:

∂
∂

=q
k

Ck

1

2

 
(I.2a)

∂
∂

=q
k

k C Ck

2
1

2 log
 

(I.2b)



S. Saha et al. / Desalination and Water Treatment 37 (2012) 277–287286

For Model 3:

∂
∂

=q
k

C
k1 ( )k C+2k  

(I.3a)

∂
∂

= −q
k

k C
k2

1
2( )k C+2  

(I.3b)

I.3. Evaluation of the three models

Evaluation of the following statistical parameters is 
necessary if we need to infer on the estimated parameters:

1. The minimized SSQ function, S(β) as given in Eq. 
(1), which is the least-squares measure of the fi t (the 
smallest SSQ gives the best model).

2. The uncertainties associated with the estimate of each 
parameter, formally termed as the standard error σ. 
These are the square-root of the error term covariance 
matrix Cij of the fi t. The closer this value is to zero, the 
better the fi t.

3. The correlation coeffi cient (r2). The higher the %, bet-
ter is the fi t.

Symbols

ap —  equivalent particle diameter of the adsorbent 
particle (m)

C — effective solute concentration (mg/l)
Cp —  Solute concentration inside the pore (mg/l)
Ce —  equilibrium solute concentration (mg/l)
DL — effective dispersion coeffi cient (m2/s)
Dp — effective pore diffusivity (m2/s)
k1 —  Constant of the equilibrium isotherm models
k2 —  Constant of the equilibrium isotherm models
kf —  external mass transfer co – effi cient (m/s)
Q —  weight of the solute adsorbed per unit weight 

of adsorbent (mg/g)
r —  local variable radius of the particle (m)
T — time (min)
V —  superfi cial velocity of the solution through 

the bed (m/s)
ε —  bed porosity
εp — particle porosity
ρs — particle density (kg/m3)
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