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Abstract

In this study, biosorption of Cu(II) was investigated in a column of pretreated Aspergillus niger biomass. The breakthrough was measured as
a function of influent flow rate and bed height for a feed solution at 10 mg/l metal ion concentration. Biosorption was evaluated in terms of the
equilibrium capacity of the column and the amount of metal loading on the A. niger surface. It has been observed that pretreatment of the biomass
enhanced the activity of the surface reactive groups and hence the uptake. The breakthrough data obtained was described by bed depth service time
(BDST) and Thomas models. The amount of copper adsorbed per gram of pretreated A. niger was 13.4 ± 0.60 mg/g. The sorbed copper was eluted
from the column using 0.1N HCl in five consecutive sorption–desorption cycles. For the same initial metal ion concentration, a packed column

reactor shows more uptake of Cu(II) in comparison to a batch reactor.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Biosorption can be used as an alternative method for removal
f heavy metals from wastewater [1]. The removal of traces
f toxic copper metal ions by biosorption from wastewater has
ained interest in recent years [2]. Batch studies provide insight
nto the effectiveness of copper removal by biomass. However,
he continuous operation of a reactor is a more efficient mode
f operation in comparison to a batch process. Hence there
s the need to perform column studies. The cost of produc-
ion of the biomass is a factor which determines the suitability
f a biomass for industrial biosorption applications. It would
bviously be effective to use the same biomass for multiple
orption-desorption cycles.

Different types of reactors including fluidized bed columns
nd continuous stirred tank reactors can be used for column stud-

es. However, packed bed sorption has a number of advantages
ncluding the possibility of achieving a reasonably high sorption
apacity with very low effluent concentrations. Adsorption takes
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lace from the inlet of the column and proceeds to the exit and
high degree of purification can be achieved in a single process

tep [3].
Several reports of batch biosorption studies have been com-

unicated by various groups [4,5]. However, relatively few
eports exist of column studies for biosorption of metals. Kapoor
nd Viraraghavan [6] studied column operation for the removal
f copper by immobilized Aspergillus niger. Volesky et al. [7]
eported sorption of copper by a packed bed of Sargassum fil-
pendula biomass. Vijayaraghavan et al. [8] reported on the
peration of a column for sorption of copper by Turbinaria
rnate biomass.

Recent batch studies have identified the potential for copper
iosorption by pretreated A. niger biomass [9]. In this study,
emoval of copper by pretreated A. niger has been studied in a
acked bed column. Important design parameters such as col-
mn bed height and flow rate of metal solution into the column
ave been identified. The breakthrough profile for the sorption
f copper is analyzed using bed depth service time (BDST) and

homas models and mass transfer parameters are determined

rom the models. The column is regenerated and reused in five
ycle operations towards evaluating the biomass for its effective
se in industrial applications.
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. Materials and methods

.1. Growth of culture

The fungus A. niger strain NCIM 618 (ATCC 10594), was
btained from NCIM, Pune, India and used for the sorption stud-
es. The laboratory strain of A. niger was propagated in potato
extrose agar (PDA) consisting of 39 g/l PDA and 0.1 g/l of
east extract. The culture was maintained on slants and was
ncubated for 5–7 days at 33 ± 2 ◦C. The growth medium used
ad the following composition (g/l): dextrose, 30; peptone,
0; (NH4)2HPO4, 0.4; KH2PO4, 0.2; MgSO4·7H2O, 0.2. All
eagents were from Himedia or Merck (Mumbai, India). The
H of the growth medium was adjusted to 5.8–6.0 by the addi-
ion of 0.1N HCl prior to autoclaving. Once inoculated, flasks
ere shaken at 200 rpm for 5 days at 33 ± 2 ◦C. After harvest,

he biomass was transferred to a 1% formalin solution for 24 h.
he biomass was then dried at 60 ◦C for 20–24 h and powdered

n a mortar. The powdered biomass residue was sieved and in the
ange of 0.75–1.0 mm particle size was used for further studies.

.2. Column experiment

The sorption studies were carried out in a glass column of
.5 cm outside diameter with 0.3 cm wall thickness and 11 cm
total height 22 cm) length. Packed bed experiments were carried
ut at 33 ◦C. A perforated polymeric plate was fitted at the top
nd bottom of the column for better flow distribution of the metal
olution and to support the biomass during the studies. Exper-
ments were conducted to study the effect of bed height, flow
ate of the influent metal solution at a fixed initial concentration
f metal in influent.

Pretreated biomass of 1, 2 and 3 g were packed in the glass
olumn and the sorption experiment was performed correspond-
ng to 2.1, 3.1 and 4.1 cm of initial height of the column. The
orption was conducted at flow rates between 1.6 and 9.8 ml/min.
u(II) solution of concentration 10 mg/l, was fed from the top of

he column. Effluent samples were collected at different times
rom the bottom of the column. Column effluent samples were
nalyzed by atomic absorption spectroscopy (AAS-SL 173, EIL,
ndia).

In the desorption process, 0.1N HCl was used as an eluting
gent. The flow rate was varied between 1.2 and 1.6 ml/min.
orption studies were also carried out after regeneration of the
iomass. The adsorption–desorption process was continued for
ve consecutive cycles to investigate the adsorption capacity of

he biomass.

.3. Modeling and analysis of column data

The breakthrough data was modeled using the BDST model
10] and the linearized Thomas model [11]. BDST is a sim-
le model for predicting the relationship between the bed depth

h), and service time (t), in terms of process concentrations
nd adsorption parameters. This model has been used by many
esearchers for column studies of metal sorption [8,12]. Hutchins
13] proposed a linear relationship between the bed depth and

T
p
p
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ervice time as

= N0

C0F/A
H − 1

KbC0
ln

(
C0

C
− 1

)
(1)

is the effluent copper concentration (mg/l), C0 the influent
opper concentration (mg/l), F the volumetric flow rate in cm3/h,
0 the adsorption capacity (mg/l), Kb the rate constant in BDST
odel (l/mg h), t time (h) and H is the bed depth of the column

n cm. Eq. (1) can be represented in the form of a straight line:

= mh − Cx (2)

he slope of the BDST model (m) represents the time required
or the sorption zone to travel a unit length through the adsorbent
14] and can be used to predict the performance of the bed at
ifferent initial metal ion concentrations.

The Thomas model [15] has been used in studies of metal
orption by column experiment [6,16]. The Thomas model is
resented in the following equation:

C

C0
= 1

1 + exp (kt/F (q0M − C0V ))
(3)

is the effluent copper concentration (mg/l), C0 the influ-
nt copper concentration (mg/l), kt the Thomas rate constant
ml/min mg), q0 the maximum copper adsorbed in biomass
mg/g), M the weight of the biomass, V is the throughput vol-
me (l) and F is the volumetric flow rate (ml/min). A linearized
homas equation (Eq. (4)) is actually used for the fitting of the
xperimental data:

n

(
C0

C
− 1

)
= ktq0M

F
− ktC0V

F
(4)

The amount of copper adsorbed (mad) in the bed is represented
y the area above the breakthrough curve (C vs. t) and can be
btained by numerical integration [17]. The breakthrough time
s defined as the time when the effluent concentration of copper
eaches 0.5 mg copper/l. The bed exhaustion time te represents
he time when a copper concentration of 9.9 mg/l is observed
n the effluent. The time difference between tb to te (i.e. �t) is
elated to the length of the sorption zone. The length of this zone
an be calculated from the following equation [18]:

m = H

(
1 − tb

te

)
(5)

is the total length of the sorption bed and Hm is the length of
he sorption zone (the critical bed length). This length signifies
he minimum bed height required to obtain the breakthrough
ime at zero.

The amount of metal desorbed (md) from the bed by elution
s calculated by integrating the elution curve as

d =
∫

C dV (6)
he ratio of md, metal desorbed to the metal sorbed in the
revious cycle is the elution efficiency (E). The regeneration
arameters tp (peak time, h), cp (peak concentration, mg/l) and
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Fig. 1. Effect of bed height on the breakthrough profile for sorption of copper
(F = 5.2 ml/min, C0 = 10 mg/l).
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ig. 2. Effect of bed height by the bed depth service time (BDST) model for
orption of copper ion.

oncentration factor (CF) for the copper sorption process are
alculated after each sorption–desorption cycle [7].

F = cp

C0
(7)

. Results and discussion
.1. Column performance

Sorption of copper by pretreated A. niger biomass is presented
n the form of a breakthrough curve where effluent concen-

a
o
t
t

able 1
xperimental and calculated bed depth service time (BDST) parameters for sorption

etal Flow rate (ml/min) Analysis Slop

opper 1.6 Experimental 3.95
1.6 Calculated 3.96
5.2 Experimental 1.22
5.2 Calculated 1.22
9.8 Experimental 0.65

able 2
ed depth service time (BDST) parameters for sorption of copper

etal Flow rate (ml/min) Linear flow rate (m/h)

opper 1.6 0.02
5.2 0.05
9.8 0.09
ig. 3. Effect of flow rate on breakthrough capacity at different flow rates for
orption of copper ion (bed height: 4.1 cm).

ration C is plotted against time. It has been reported that the
reakthrough curves exhibit an S-shaped due to mass trans-
er effects [7]. Fig. 1 shows the breakthrough profile of copper
iosorption at different bed heights for a given flow rate. The
etal uptake capacity increased with increasing bed height, from

.1 to 4.1 cm. In the column experiment, the increase in the
ptake capacity with the bed height is due to the increase in
he available binding sites for the adsorption. The breakthrough
nd exhaustion times were observed to increase with the bed
eight.

The simplicity of the BDST model is that it can predict the
lope for any unknown flow rates with a known slope at a given
ow rate. The breakthrough time against the bed height at dif-
erent flow rates for the sorption as shown in Fig. 2. The nature
f the plots was linear indicating the validity of the BDST model
or the pretreated A. niger biomass at all flow rates employed.
able 1 shows the slope and intercepts calculated using a flow
ate of 9.8 ml/min. BDST model parameters are calculated for
ow rates of 1.6 and 5.2 ml/min. It can be seen that the calculated
nd experimental values are in good agreement with intercept
alues varying slightly. The advantage of the BDST model is that

ny experimental data can be scaled up to other flow rates with-
ut further experimental data and analysis [12]. Table 2 shows
he estimated parameter of the BDST model (N0, the adsorp-
ion capacity; rate constant Kb; the critical bed depth Hm) for

of copper

e m (h/cm) Intercept Cx (h) Correlation coefficient

−0.52 0.99
−0.29 1.00
−0.40 0.99
−0.34 1.00
−0.32 0.99

N0 (×103 mg/l) Kb (l/mg h) Hm (cm)

5.96 0.48 0.13
5.96 0.67 0.33
5.96 0.84 0.49
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Table 3
Thomas model equation parameters for sorption of copper

Metal Bed height (cm) Flow rate (ml/min) Uptake (mg/g) kt (ml/min mg) tb (h) te (h) �t (h) Total removal (%)

Copper 2.1 1.6 13.74 1.01 8.00 19.00 11.00 70.45
2.1 5.2 13.38 1.69 2.18 7.91 5.73 83.96
2.1 9.8 12.74 3.08 1.01 4.43 3.42 81.77
3.1 9.8 12.92 2.46 1.74 6.50 4.76 79.02
4.1 9.8 13.11 1.89 2.30 8.40 6.10 76.90

Table 4
Column characteristics of different biomasses for Cu(II) removal

Adsorbent Source Initial metal
concentration
(mg/l)

Column diameter
(mm)

Column height
(mm)

Flow rate
(ml/min)

Bed height
(mm)

Uptake
(mg/g)

Reference

Aspergillus niger (pretreated) Fungi 10 12 220 9.8 41 13.11 This study
A. niger (immobilized) Fungi 10 12.7 300 3 245 2.9 [6]
Sargassum filipendula Raw seaweed 35 25 500 15 410 38.2 [7]
Ulva reticulate Marine green

alga
100 20 350 5 250 56.3 [8]

Turbinaria oranta Brown marine
algae

100 20 350 5 250 68.76 [19]
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ig. 4. Breakthrough curves for biosorption of copper by Aspergillus niger
iomass for five sorption cycle (bed height: 2.1 cm, flow rate 1.2–1.6 ml/min).

opper biosorption by the A. niger system. These BDST model
arameters can be useful in scaling up the process.

The effect of flow rate on breakthrough capacity is indi-
ated in Fig. 3. As the flow rate increases, the breakthrough
ime decreases. A similar decrease in breakthrough capacity is
eported in the literature for sorption by the fungus Pycnoporus
anguineus [12]. This is due to the low residence times that result

t a high flow rate, and also possibly due to leaching of copper
rom the biomass at such flow rates. The column data is fitted to
he linearized form of the Thomas model. The parameters kt and
0 are estimated and presented in Table 3. The linearized Thomas

c
c
m
o

able 5
reakthrough parameters for five sorption–desorption cycle of copper biosorption pr

reak-through no. Uptake (mg/g) tb (h) te (h) �t (h) kt (ml/min m

13.74 8.00 19.00 11.00 1.01
13.46 7.15 17.54 10.39 1.21
13.25 6.58 16.24 9.66 0.74
12.79 5.50 15.04 9.54 1.24
12.59 4.08 14.01 9.93 1.05
ig. 5. Elution curves for copper in 0.1N HCl for five regeneration cycles.

quation is found to describe the system well. A compilation
f column characteristics of the prepared biomass with other
dsorbents discussed in the literature is presented in Table 4.

.2. Regeneration studies

In a previous study, we have reported the biosorption of Cu(II)
n pretreated A. niger in a batch reactor [2,20,21]. We now dis-

uss the effect of regeneration by multiple sorption–desorption
ycles on copper biosorption by A. niger biomass. The pri-
ary objective of regeneration is to retain the sorption capacity

f exhausted biomass; a secondary objective is to recover

ocess

g) Bed height (cm) Minimum bed height (cm) Total removal (%)

2.1 1.22 70.40
2.1 1.24 62.54
2.0 1.19 67.99
2.0 1.27 64.06
1.9 1.35 65.65
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Table 6
Regeneration parameters for five sorption–desorption cycle of copper biosorption process

Elution no. Flow rate (ml/min) Time of elution (h) tp (h) cp (mg/l) CF % E

1 1.6 4.6 1.16 13.62 1.36 98.7
2 1.6 4.9 1.0 13.33 1.33 97.8
3
4
5
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1.2 5.1
1.6 4.5
1.2 5.5

ound copper. Reported data supports three to seven consecutive
orptions–desorption cycles for regeneration studies for differ-
nt biosorbents [8,12,19]. Five sorption and desorption cycles
reakthrough curves for copper biosorption with pretreated A.
iger biomass are presented in Fig. 4. As shown in the figure
ecreased breakthrough and exhaustion times are observed on
rogressive reuse of the biomass. The uptake based on the initial
iomass weight is found to be marginally decreased. The break-
hrough time tb, exhaustion time te, column capacity q and mass
ransfer data are presented in Table 5. It indicates that decreased
reakthrough time has no impact on the biosorption capacity as
t remains reasonably constant over five cycles of operations.

Fig. 5 shows the elution curve for five consecutive desorp-
ion cycle. The flow rate of the elution varied between 1.2 and
.6 ml/min as indicated. In all cycles the elution curves shows
similar trend. Table 6 summarizes the time of elution, elution

fficiency column peak time and the peak concentration and
he maximum concentration factor CF for the elution curve. It
ndicates that the desorption efficiency is flow rate independent.
urthermore, the maximum concentration and the corresponding
oncentration factor is consistent over five cycles of operations
rrespective of desorption performance and flow rate.

. Conclusions

We have demonstrated effective removal of copper from
astewater by a column of pretreated A. niger biomass. The

orbed Cu(II) can be effectively eluted with hydrochloric acid.
fter acid elution the biomass can be regenerated and reused

ffectively. Thomas and BDST models have been used suc-
essfully for the evaluation of the column performance. At the
ame initial metal ion concentration, a packed column reac-
or shows a higher uptake of Cu(II) in comparison to a batch
eactor.
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