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Abstract Biosorption of copper (II) and cadmium (II) by live Phanerochaete chrysosporium
immobilized by growing onto polyurethane foam material in individual packed bed columns
over two successive cycles of sorption–desorption were investigated in this study. Initial pH
and concentrations of the metals in their respective solutions were set optimum to each of
those: 4.6 and 35 mg·l−1 in case of copper and 5.3 and 11 mg·l−1 for cadmium. The
breakthrough curves obtained for the two metals during sorption in both the cycles exhibited
a constant pattern at various bed depths in the columns. The maximum yield of the columns
in removing these metals were found to be, respectively, 57% and 43% for copper and
cadmium indicating that copper biosorption by the immobilized fungus in its column was
better than for cadmium. Recovery values of the sorbed copper and cadmium metals from the
respective loaded columns by using 0.1 N HCl as eluant was observed to be quite high at
more than 65% and 75%, respectively, at the end of desorption in both the cycles.
Breakthrough models of bed-depth service time, Adams–Bohart, Wolborska, and Clark were
fitted to the experimental data on sorption of copper and cadmium in the columns, and only
the Clark model could fit the sorption performance of the columns well over the entire range
of ratios of concentrations of effluent to influent, i.e., C/C0 for both copper and cadmium
biosorption. The kinetic coefficients of mass transfer and other suitable parameters in the
system were determined by applying the experimental data at C/C0 ratios lower than 0.5 to
the other three models.
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Nomenclature
C residual metal concentration, mg·l−1

Cb metal concentration at breakthrough, mg·l−1

Cads adsorbed metal concentration, mg·l−1

Ceq residual metal concentration at equilibrium, mg·l−1

Cmax maximum (equilibrium) capacity of column, mg
C0 initial metal concentration, mg·l−1

k kinetic constant in bed depth service time, Adams–Bohart, and Wolborska
breakthrough models, l·mg−1·min−1

N0 saturation concentration, mg·l−1

Q flow rate, ml·min−1

r coefficient of mass transfer in Clark model for breakthrough, 1·min−1

t time, min
tb service time to breakthrough, min
u linear flow rate, cm·min−1

vm migration velocity of the concentration front in Clark model for breakthrough,
cm·min−1

W metal loading into column, mg
Y sorption yield, %
z bed depth, cm
β external mass transfer coefficient in Wolborska breakthrough model, 1·min−1

Introduction

The intensification of industrial activity in the recent years is greatly contributing to an
increasing discharge of toxic compounds in the natural environment, particularly in aquatic
systems. Among the widely found toxic compounds, heavy metals bear a special
significance because of their highly toxic nature even at very low concentrations. Increased
usage of these heavy metals has even resulted in their depletion from their natural
resources. Moreover, stricter environmental regulations have led to an increased and urgent
need for controlling heavy metal discharge into the environment. The major industries that
are responsible for the discharge of wastewater containing metals include mining,
metallurgy, electroplating, and refining industries.

The conventional treatment techniques employed to remove heavy metals from
wastewaters before their final discharge into the environment are physico-chemical
processes, including precipitation, coagulation, membrane processes, ion exchange,
adsorption [1]. However, the main drawbacks of these techniques rest in being either too
costly or ineffective. The use of biological material for removing and recovering heavy
metals from contaminated industrial effluents has emerged as a potential alternative method
to the conventional ones [2]. Many microorganisms have been shown to be capable of
concentrating heavy metals from their aqueous environment, and the term biosorption is
used to describe for such passive, non-metabolically mediated process of metal binding by
living or dead biomass [3]. Filamentous fungi may be better suited for this purpose than
other microbial groups owing to their high tolerance towards metals, intracellular metal
uptake, and wall-binding capacities [4].

Fungal species such as Rhizopus arrhizus, Aspergillus niger, Mucor miehei, etc. have
been extensively studied for heavy metals biosorption, and the process mechanism seems to
be species specific [5–7]. However, relatively only a few studies have been reported with

160 Appl Biochem Biotechnol (2009) 157:159–173



Phanerochaete chrysosporium, which is a well-known white-rot fungus and a strong
degrader of various xenobiotics, in detoxifying heavy metal-bearing wastewaters. Using
biomass of P. chrysosporium has already shown promising results on the removal of select
heavy metals from their aqueous constituents, but most of these studies are confined to
experiments in simple batch shake flasks [8, 9].

The ultimate success of these studies, however, lies in developing engineering systems
employing these microbes in treating large quantities of contaminated water on a
continuous basis. Among the available reactor types for biosorption, packed bed columns
offer several advantages, viz., simple to operate, high process yield, and easy scale-up. For
this, the use of free microorganisms is technically and economically not feasible for small-
and medium-flow treatment application due to high costs involved in the process [10]. In
such cases, immobilized microbial cell system in fixed bed columns could provide
additional advantages over freely suspended cells. The advantages include ease of
regeneration and reuse of the biomass, easy solid–liquid separation operation, and minimal
clogging in the fixed bed [11]. Although biosorption studies dealing with fixed bed
columns involving immobilized biomass is not totally new, they are limited in using either
dead, inactivated or resting biomass in miniscule columns. Moreover, immobilized live
biomass have not been evaluated much of their efficiency, particularly in packed
columns, for heavy-metal removal, which seems to offer dual advantages of high
biosorption efficiency and more easy regeneration of the column [12–16]. In fact, in our
earlier work [15], live P. chrysosporium immobilized by growing onto a suitable biosupport
material in individual packed bed columns was demonstrated to remove copper and
cadmium from synthetic metal solutions. However, the previous study involved merely the
sorption of metals in a continuously operated column with no further cycles tested.
Therefore, the present work was aimed at investigating and comparing the regeneration and
reuse of the live immobilized P. chrysosporium in the biosorption of copper and cadmium
in individual packed bed columns operated under continuous mode. To analyze the
performance of these columns in the removal of the metals, several parameters as outlined
below were used.

The loading behavior of the metal ions to be removed from solution in a packed bed is
usually expressed in terms of the ratio of effluent to initial metal concentrations C/C0 as a
function of time (t) or volume (V) of the eluate for a given bed height (z) and is termed the
isoplane or breakthrough curve.

The maximum (equlibrium) capacity Cmax of a packed bed column is calculated from
area under the plot of adsorbed metal concentration versus time or, in other words, from the
area behind the breakthrough curve; this is more conveniently expressed as:

Cmax ¼ Q
Z t

0

Cads � dt ð1Þ

where Cads is the adsorbed metal concentration (mg·l−1) and Q is the flow rate at which
metal solution is passed into the column for a time period t until column bed saturation. For
an easy comparison of columns in treating metals, another convenient parameter on
sorption yield (Y), obtained from the ratio of maximum equilibrium capacity (Cmax) for a
given metal to total metal loaded, is used. On the other hand, the total metal loaded in the
column is obtained from a product of solution metal concentration and volume treated in
the column.

Appl Biochem Biotechnol (2009) 157:159–173 161



Equation 2 below gives the fundamental equation according to the Adams–Bohart and the
Thomas models describing the relationship between C/C0 and t in a flowing system [17, 18].

ln
C

C0
¼ kC0t � kN0

z

u
ð2Þ

where z is the bed depth (cm), the linear flow rate (cm·min−1) u is defined as the ratio of the
flow rate Q (ml·min−1) to the cross-sectional area Sc (cm

2), k is the adsorption rate constant
(l·mg·min−1), and N0 is the saturation concentration (mg·l−1).

For describing the concentration distribution in the bed for low concentration range (low
C/C0) in the breakthrough curve, the following relationship by Wolborska could be used [19]:

ln
C

C0
¼ bC0

N0
t � bz

u
ð3Þ

where β is the kinetic coefficient of external mass transfer (1·min−1).
The expression of the Wolborska solution is equivalent to the Adams–Bohart relation if

the constant k is equal to β/N0, and the parameters in these two models can be determined
from a plot of ln(C/C0) against t for a given bed height and flow rate. Apparently, the terms
k and N0 seem to be fixed only for particular values of z and Q in a column.

One of the most successful models used in analyzing breakthrough data from column tests
has been the bed depth-service time (BDST) model, which shares a common basis of theories
with the Adams–Bohart model [20]. This model is described by the following equation:

tb ¼ N0

uC0
z� 1

kC0
ln

C0

Cb
� 1

� �
ð4Þ

where tb is the service time at breakthrough (min), and Cb is the effluent concentration at
breakthrough (mg·l−1). A straight line obtained by plotting tb versus z yields the values of
saturation concentration of bed (N0) and kinetic constant k from its slope and intercept,
respectively. The value of N0 can also be calculated in a more convenient way as follows. At
50% breakthrough, C0/C=2 and tb=t0.5, the final term in the BDST equation becomes zero
resulting in the following relationship:

t0:5 ¼ yz ð5Þ

with y ¼ N0

uC0
¼ constant ð6Þ

Thus a plot of time at 50% breakthrough against bed height should be a straight line
passing through the origin, allowing N0 to be calculated.

Clark [21] used the mass transfer concept in combination with the Freundlich isotherm to
define a new simulation of breakthrough curves and obtained the following equation [21]:

C

C0
¼ 1

1þ Ae�rtð Þ1 n�1=
ð7Þ

with A ¼ Cn�1
0

Cn�1
b

� 1

� �
ertb ð8Þ

and r ¼ b
u
vm n� 1ð Þ ð9Þ
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where n is the Freundlich constant, and vm, the migration velocity of the concentration
fronts in the bed (cm·min−1), is determined by the following equation:

vm ¼ uC0

N0 þ C0
ð10Þ

The values of A and r for a particular sorption process in a packed bed column could be
determined by using Eqs. 8 and 9 for predicting the breakthrough curve as per relationship
between C/C0 and t in Eq. 7.

Materials and Methods

Chemicals and Reagents

The metal salts CuSO4·5 H2O and 3 CdSO4·7 H2O and other chemicals used were of
analytical grade and obtained from s.d. Fine Chemicals, India. The media components for
growing the fungal culture were obtained from HiMedia Laboratories, India.

Microorganism and Culture Medium

The fungal culture P. chrysosporium ATCC 24725 used in this study was maintained on
malt agar slants, and the culture medium for its growth consisted of dextrose (15 g·l−1) and
soya peptone (3 g·l−1) in distilled water, pH 5.6.

Biosorption Experiments in Packed Bed Columns

Two identical packed bed columns were used to investigate the sorption of copper and
cadmium individually by the immobilized fungus. The fungus was immobilized via attachment
by growing on polyurethane foam (PUF) cubes in the columns, as described elsewhere in Dias
et al. [10]. The columns were constructed using Plexiglas material of height 33 cm and internal
diameter 10 cm, each with both ends closed with rubber stoppers. The columns were randomly
packed with PUF (0.6–0.8 mm average pore size) cubes of dimension 1×1×1 cm, and the bed
was kept in place by the use of perforated plates at both ends of the columns. To study the
effect of bed depth on the metal sorption, ports were provided at different heights of the
columns, and liquid samples were collected from these ports.

Although no attempts were made to quantify the biomass in the study, visible biofilm
growth was observed on the biosupport material within 10 days of passing the growth
medium into the columns under batch recirculation mode. After ascertaining the fungal
biomass immobilized onto PUF cubes in the columns, continuous biosorption experiments
were performed by passing individual metal solutions into the respective columns in an up-
flow mode using peristaltic pumps (Watson Marlow, 502 S Model, UK). A uniform
distribution of the liquids through the bed was achieved with the aid of a distributor system
located at its bottom. Samples were collected from the sampling ports at different heights of
the bed at varying intervals of time and analyzed for residual metal concentrations. The
respective concentration and pH in the feed solution was 35 mg·l−1 and 4.6 for copper and
11 mg·l−1 and 5.3 for cadmium. The flow rate in the copper and cadmium loading columns
were set at 125 ml·min−1. The values of individual metal concentration and pH were
selected on the basis of our previous study [8, 22], and the flow rate of 125 ml·min−1
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represented sorption equilibrium time of 30 min in the columns. Also, the feed
concentrations were used corresponding to a nearly linear isotherm relationship where the
self-sharpening effect was not expected [23]. Following exhaustion of the columns, 0.1 N
HCl solution was passed to regenerate the sorbed metals from the respective columns. This
sorption–desorption cycle was repeated to study the efficiency of the column in the second
cycle of operation. Preliminary investigations in the column with PUF material containing
no biomass, however, revealed no effect on the adsorption of metal by the support material.

Metal Analyses

The concentration of copper or cadmium in the samples was determined using a Flame
Atomic Absorption Spectrophotometer, SOLAAR 969 (UNICAM, UK) at their respective
absorbance maxima. The operating conditions were as recommended in the manufacturer’s
operating manual, and all analyses were done in the linear range of concentration with an
accuracy of ±3%.

Results and Discussion

Biosorption of Copper and Cadmium in Individual Packed Bed Columns

The resulting breakthrough curves obtained during sorption in the two cycles for both the
metals are presented in Figs. 1, 2, 3 and 4. These figures manifest a constant pattern of
breakthrough curves in sorption of the metals over the entire range of bed depths in the
individual columns; however, the breakthrough curves seemed to become less steep with
increase in bed depth in the columns. The service time to 10% breakthrough in both the
cycles was more for higher bed depth in the columns; for instance, in the first cycle of
sorption in the copper biosorption column, the service time to 10% breakthrough at 8.5 cm
bed depth was 15 min compared to a maximum of 80 min at 32.5 cm bed depth. Similarly,
in the biosorption column for cadmium, the maximum service time to 10% breakthrough
was observed to be 80 min at 32.5 cm bed depth. These observations were found consistent
with those of the literature [24–26]. Quite expectedly, the volume treated also followed an
increasing trend with bed depths in the columns due to more availability of the immobilized
biomass with the bed depths.

Like in the first cycle of sorption in the columns, an increase in bed depth resulted in
higher service time to 10% breakthrough for both the metals in the second cycle (Figs. 2
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and 4). However, in this second cycle, the service time to 10% column breakthrough
slightly decreased by about 5 min at 32.5 cm bed depth in case of both copper and
cadmium biosorption columns. It is to be mentioned here that the columns were not washed
after the first elution operation; instead, full-strength feed of the metals was initiated
immediately in the respective columns. The slopes of these breakthrough curves obtained in
the second sorption cycle had a slightly flatter profile compared to those obtained in the
first sorption cycle in both the columns. This probably would have been due to some
changes, particularly in the packed bed density and flow patterns within the columns during
the preceding desorption phase with 0.1 N HCl. This could also account for the slight
decrease in breakthrough time in the second cycle, as mentioned before. However, this
specific observation needs more investigations to confirm. Nevertheless, an increasing
length of the breakthrough curve accompanied by a decreasing slope at the breakthrough
point proves approximately steady capacities of the columns. Volesky et al. [23] observed
this phenomenon in their study involving dried biomass of brown marine alga, Sargassam
filipendula, where an adsorption column using the biosorbent was investigated on its
performance over two or more cycles of sorption and desorption. They attributed a
shortening of breakthrough time with number of cycles due to a slight change in the column
overall adsorption rate and not due to diminishing equilibrium uptake capacity. This may
also mean that, while sorbing sites of the biomass were still available, they became less
easily accessible for sorption.

The breakthrough curves resulting from sorption of the metals in the two cycles of
operations were further analyzed as a function of bed depth in the columns; Table 1
summarizes the sorption parameters, viz., maximum equilibrium capacity Cmax (mg), metal
loading (mg), and sorption yield (%) of the columns treating copper and cadmium. As
mentioned earlier, the maximum equilibrium capacity of the column was calculated from
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area under the plot of adsorbed metal concentration versus time, and subsequently, the other
two parameters were also calculated. The values of the parameters for both the metals were
found to be generally high. Compared to the yield values of sorption in the first cycle, its
values in the second cycle were higher for both the metals. However, yield values of copper
in the two cycles were greater than those of cadmium. Similarly, the maximum equilibrium
capacities at the end of the second cycle were unaltered or in some cases even better than in
the previous cycle (Table 1). The yield values obtained in the study were compared with
those seen in literature, which revealed a better significance of the current sorption system.
For example, in the sorption of Cr (VI) by chitin in a packed column, Sag and Aktay [25]
reported a maximum yield of only 17% under similar operating conditions of initial metal
concentrations and residence time in their column. All these results indicated a very high
potential of the immobilized live fungus in the columns to continuously treat a large volume
of the metal-bearing solutions.

Regeneration of the Metal-Loaded Columns with 0.1 N HCl

It is understood that, from an application point of view, the volume of desorbing solution,
which is necessary to regenerate the column and recover the metals, should be kept as low
as possible for the ease of process handling. This is utmost possible when both sorption and
desorption are carried out in the same column. In the present study, 0.1 N HCl was used for
desorbing copper and cadmium from the respective metal-loaded columns. Figures 5 and 6

Table 1 Copper and cadmium sorption parameters obtained by using live immobilized P. chrysosporium in
packed columns over two cycles of continuous operation.

Metal Bed depth (cm) Maximum equilibrium
capacity(Cmax, mg)

Metal loading (mg) Yield (%)

Cycle #1 Cycle #2 Cycle #1 Cycle #2 Cycle #1 Cycle #2

Copper 8.5 134 131.4 326.8 348.6 41 37.7
17 212.7 219.5 457.5 501.1 46.5 43.8
25.5 282.2 309.3 544.7 610.1 51.8 50.7
32.5 434.7 457.8 762.6 827.9 57 55.3

Cadmium 8.5 37.2 46.1 106.7 135.1 34.9 34.1
17 53.5 61.8 149.4 170.7 35.8 36.2
25.5 66.5 85.8 177.8 206.3 37.4 41.6
32.5 105 117.1 248.9 270.3 42.2 43.3
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show desorption curves for the metals at different column bed depths in the two cycles of
continuous operations, which typically show initially a steep rise followed by an equally
shaped fall until negligible concentration of metals were detected in the effluent [23, 27,
28]. In the second sorption–desorption cycle, the sorption performance was necessarily
related to the desorbing efficiency in the previous cycle, which was at least 64% for copper
and 75% for cadmium (Table 2). These desorption efficiencies for the two metals were
almost similar to the values obtained in our earlier study conducted in batch [22]. The
desorption was carried out for 30 min at the same flow rate followed in the sorption phase
and was found well sufficient for desorbing a maximum concentration of the metals from
the loaded columns. As noted earlier, the columns at the end of the first desorption cycle
were initiated immediately with a full-strength feed of the metal solutions. It is also worth
making a point here that despite this continuous operation, the uptake capacity and column
performance in the second sorption phase was unaltered and remained almost the same
(Table 1). In order to assure a much higher desorption efficiency of the metals in a single
process, this desorption phase may, however, have to be optimized further.

Application of Breakthrough Models to Evaluate and Predict the Experimental Data

Experimental evaluation of the performance of a packed bed column in biosorption is
generally possible only with small laboratory columns, similar to the ones employed in the
present study mainly because of cost considerations. However, the data collected from such
laboratory studies can very well be utilized for predicting and evaluating the performance of
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practical size columns by applying suitable mathematical models developed for such
purposes. Several models have been reported in the literature for predicting the
breakthrough performance in packed bed adsorption, and an outline of some important
and successful models were presented earlier in this paper. The results of fitting the
experimental breakthrough data obtained in this study to these models are discussed further.

BDST Model

Bed depth service time model (Eq. 4) gives an idea of the efficiency of the column under
constant operating conditions for achieving a desired breakthrough level. Based on the data
obtained at a flow rate 125 ml·min−1 for copper and cadmium, plotting service time to 50%
breakthrough (t0.5) against bed depth (z) gave a linear relationship with determination
coefficient (R2) greater than 0.98 in all the cases. The calculated sorption capacity (N0) of
copper and cadmium loading columns obtained from the linear plots were found to be
184.2 and 60.2 mg·l−1, respectively, in the first cycle of operation; these values were
slightly higher for both the metals in the second sorption cycle. Further, by applying the
BDST model equation to the experimental data at 10% breakthrough point, a linear
relationship was again obtained by plotting time to 10% breakthrough (t0.1) against z. From
the slope and the intercept of these linear plots, the adsorption rate constant k and N0

corresponding to various bed depths in the two columns were calculated and are given in
Table 3, which indicates a higher value of sorption rate constant in case of cadmium than
copper. The values of these two parameters were found to be in good agreement with our
previous study on batch kinetics of biosorption of copper and cadmium by the free fungus
[9]. Similar to these findings, Tran and Roddick [28] observed that by fitting the adsorption
data on uranium (VI) and lead onto silica gel in a column to BDST model, the estimated
adsorption capacity values for uranium and lead were in good agreement with the

Table 2 Desorption efficiencies of copper and cadmium with 0.1 N HCl in the first and second cycles.

Metal Bed depth (cm) Desorption efficiency (%)

Cycle # 1 Cycle # 2

Copper 8.5 66.8 64.8
17 68.5 71.5
25.5 65.7 72.3
32.5 75 74.5

Cadmium 8.5 75.6 75.5
17 81.4 76.9
25.5 82.9 74.8
32.5 78 83.6

Table 3 Sorption parameters for copper and cadmium obtained at 10% breakthrough in the two cycles
according to the BDST model.

Metal Cycle #1 Cycle #2

N0(mg l−1) k (×10–3)(l·mg−1·min−1) R2 N0(mg l−1) k (×10–3)(l·mg−1·min−1) R2

Copper 156.6 5.88 0.9862 162.6 4.58 0.9981
Cadmium 51.33 17 0.9829 51.1 24 0.952
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experimentally determined values. Under the conditions adopted in the present study, it
could be said that BDST model applied well to the experimental data for both service times
to 10% and 50% breakthrough for the metals.

Adams–Bohart and Wolborska Models

Adams–Bohart and the related Wolborska models (Eqs. 2 and 3) express the breakthrough
phenomenon in terms of the adsorption capacity and either the rate constant (k) or mass
transfer coefficient (β). Both the model expressions can be linearized to give a relationship
between ln(C/C0) and time from which the model parameters can be calculated. It was
observed that the model predictions agreed very closely with the experimental data giving a
linear relationship up to a breakthrough level of 50% in both the first and second sorption
cycles for the metals. The values of the Adams–Bohart and Wolborska model parameters
corresponding to the experimental conditions together with R2 values, presented in Tables 4
and 5, indicate closeness of fit between the experimental and predicted breakthrough up to
50% service time in the first and second sorption cycles. The values shown in these tables
were obtained after applying the respective model equations to the experimental data for
varying bed depths in the copper and cadmium biosorption columns. It was observed that the
k value predicted by Adams–Bohart model was quite high for cadmium sorption compared to
those of copper, a trend consistent with the previously tested BDST model. However, the
sorption capacity (N0) values for both the metals predicted by Adams–Bohart and Wolborska

Table 4 Sorption parameters obtained for copper and cadmium in the first cycle by applying Adams–Bohart
and Wolborska models to the experimental breakthrough data.

Metal Bed depth (cm) Adams–Bohart Wolborska R2

N0(mg l−1) k (×10–3)(l·mg−1· min−1) β(1·min−1) N0(mg l−1)

Copper 8.5 279.7 2.35 0.663 282.5 0.981
17 187.6 2.34 0.439 187.5 0.973
25.5 197.5 2.6 0.513 197 0.974
32.5 204 1.61 0.328 203.8 0.986

Cadmium 8.5 86.6 7.99 0.692 86.6 0.994
17 63 7.11 0.448 63 0.904
25.5 64.3 7.98 0.513 64.3 0.974
32.5 66 4.93 0.328 66.5 0.986

Table 5 Sorption parameters obtained for copper and cadmium in the second cycle by applying Adams–
Bohart and Wolborska models to the experimental breakthrough data.

Metal Bed depth (cm) Adams–Bohart Wolborska R2

N0(mg l−1) k (×10–3)(l·mg−1· min−1) β(1·min−1) N0(mg l−1)

Copper 8.5 277 2.39 0.662 276.7 0.925
17 187.2 4 0.749 188 0.955
25.5 201.8 2.25 0.454 202.1 0.878
32.5 221.4 1.31 0.29 222.2 0.976

Cadmium 8.5 136.2 3.53 0.481 136.2 0.970
17 72 9.02 0.65 72 0.941
25.5 80.1 4.79 0.384 80.2 0.973
32.5 68.2 4.56 0.311 68.2 0.967
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models were higher than those predicted by BDST model, but the values matched well
between the two similar models. These N0 values for both the metals were almost the same in
the second cycle of sorption. With respect to the kinetic constant (k) values obtained from
Adams–Bohart model, its values were slightly less for both the metals in the second cycle.
Also, the values of the mass transfer coefficient β obtained from Wolborska model were
slightly less in the second sorption cycle for the metals (Tables 4 and 5).

Clark Model

Clark model may be considered a more refined model for breakthrough, as it considers both
the mass transfer and equilibrium adsorption in the process. In our earlier work dealing with
a batch study on sorption of copper and cadmium on to P. chrysosporium biomass, it was
found that the Freundlich model provided a good fit to the experimental equilibrium data
[9], and the obtained Freundlich constants were adopted in the current study to calculate the
Clark model parameters in analyzing copper and cadmium sorption in their respective
columns. The values of A and r in Clark model (Eq. 7) were determined for the 10%
breakthrough data for the metals employing a least square method in Matlab 7.1. The best-
fit equations of copper and cadmium sorption for different column bed depths in the two
cycles of operation are presented in Table 6. Plotting C/C0 against time according to these
equations gave the breakthrough curves predicted by Clark model (Figs. 7, 8, 9 and 10). It
is evident that the experimental breakthrough curves for both the metals at different bed
depths for the two cycles of operation were well predicted by the Clark model over the
entire time period. The low values of integral sum of errors (ISE; presented in Table 7),

Table 6 Best-fit equations from Clark model representing the sorption of copper and cadmium by live
immobilized P. chrysosporium in individual columns.

Metal Bed depth (cm) Cycle #1 Cycle #2

Copper 8.5 1
1þ4:64e�0:1035tð Þ4:545

1
1þ1:82e�0:065tð Þ4:545

17 1
1þ14:83e�0:091tð Þ4:545

1
1þ7:21e�0:684tð Þ4:545

25.5 1
1þ86:74e�0:0745tð Þ4:545

1
1þ14:89e�0:0509tð Þ4:545

32.5 1
1þ45:85e�0:0523tð Þ4:545

1
1þ22:1e�0:0422tð Þ4:545

Cadmium 8.5 1
1þ994:24e�0:1752tð Þ0521

1
1þ273:51e�0:0941tð Þ0521

17 1
1þ6;464:25e�0:1491tð Þ0521

1
1þ5;386:27e�0:1148tð Þ0521

25.5 1
1þ61;308:73e�0:1146tð Þ0521

1
1þ59;769:78e�0:965tð Þ0521

32.5 1
1þ42;575:14e�0:0867tð Þ0521

1
1þ10;409:36e�0:0708tð Þ0521
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Fig. 7 Comparison of experi-
mental (symbols) and predicted
(lines) breakthrough curves due
to Clark model for copper sorp-
tion in the first cycle at different
bed depths in the column
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calculated between the experimental and predicted breakthrough curves due to the Clark
model, also indicate a reasonably good fit of the model. The r coefficient related to the
mass transfer in the process varied in the range of 0.0523 to 0.1035 1 min−1 for copper and
0.0867 to 0.1752 1 min−1 for cadmium in the first cycle of sorption (Table 7). These values
of r coefficient slightly decreased in the second cycle of sorption for the two metals;
nevertheless, the values followed the same trend with bed depth in the columns in both the
cycles. Sag and Aktay [25] have reported similar order of magnitude for the r coefficient in
chromium (VI) sorption by chitin in a packed column. The parameter results obtained from
Clark model are in good agreement with those of Guibal et al. [29] and Tran and Roddick
[28] as well.

These results of fitting the experimental breakthrough data to the various models reveal
variation of the estimated sorption kinetic parameters and mass transfer coefficient with the
bed depth and with each sorption cycle in the metal biosorption columns. Despite
maintaining the hydraulic conditions in the biosorption columns the same, such variation in
the intrinsic sorption kinetic parameters and mass transfer coefficient is quite unlikely.
Hence, it could be said that although the models, particularly the Clark model, described the
experimental data accurately from a mathematical point of view, the kinetic reaction and
mass transfer phenomenon in the sorption of the metals due to these models are still
unclear. Therefore, it is necessary to exercise proper care while considering these models
for scaling up of such biosorption processes.

Compared to the biosorption studies reported in the literature, which have used either
dead, inactivated or resting biomass, this study shows good potential of the live
immobilized fungus employing a packed bed column in removing heavy metals from
contaminated wastewaters. An added advantage of using such live immobilized biomass in
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(lines) breakthrough curves due
to Clark model for copper sorp-
tion in the second cycle at differ-
ent bed depths in the column
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columns seems to be in easy regeneration and reuse of the column by allowing the biomass
to further grow and immobilize, when needed, for further uptake of metals.

Conclusion

Biosorption of copper (II) and cadmium (II) by live biomass of P. chrysosporium
immobilized by growing onto polyurethane foam material was studied in individual packed
columns over two sorption–desorption cycles. The breakthrough curves obtained at various
bed depths in the columns exhibited a constant pattern with both the metals. Comparison of
sorption parameters of the individual columns in sorption of copper and cadmium indicated
better performance towards copper uptake by the fungus. For both the metals, the values of
sorption parameters in the second cycle were unaltered or in some cases slightly better than
those obtained in the first cycle.

Several models were applied to simulate the breakthrough behavior of the metals in the
columns, and suitable kinetic parameters involved in sorption of copper and cadmium in
their respective columns were estimated from these models by fitting the experimental data.
Among the four models tested, the Clark model could predict the breakthrough curves over
the entire region for all depths in the columns. This was valid for both the metals in the
two-sorption cycles evaluated in the study. The other three models could, however,
perfectly fit the breakthrough region only up to 50% service time in the columns for both
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Fig. 10 Comparison of experi-
mental (symbols) and predicted
(lines) breakthrough curves due to
Clark model for cadmium sorption
in the second cycle at different bed
depths in the column

Table 7 Values of the mass transfer coefficient r in the sorption of copper and cadmium obtained from Clark
model.

Metal Bed depth (cm) Cycle #1 Cycle #2

r (1·min−1) ISE r (1·min−1) ISE

Copper 8.5 0.1035 0.0057 0.0675 0.0063
17 0.091 0.0049 0.0684 0.0029
25.5 0.0745 0.0013 0.0509 0.0139
32.5 0.0523 0.0033 0.0422 0.0065

Cadmium 8.5 0.1752 0.0075 0.0941 0.0156
17 0.1491 0.0192 0.1148 0.0041
25.5 0.1146 0.0113 0.0965 0.0056
32.5 0.0867 0.0171 0.0708 0.0180

ISE Integral sum of errors
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the metal cases. The best-fitting Clark model also allowed the determination of generalized
logistic function of the breakthrough curves obtained in the study.

Acid elution using 0.1 N HCl was found successful in desorbing a high percentage of the
metals from the respective metal-laden immobilized biomass in the columns. Overall,
regenerative biosorption system using live immobilized P. chrysosporium in packed
columns appears feasible under relatively simple operative conditions in detoxifying metal-
bearing wastewaters.
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