
S
m

X
B

a

A
R
R
A
A

K
P
B
H
T
B
R

1

s
i
h
t
c
i
t
v
o
r
t
c
s

c
i
e

K
B

0
d

Journal of Hazardous Materials 193 (2011) 1– 9

Contents lists available at ScienceDirect

Journal  of  Hazardous  Materials

jou rn al h om epage: www.elsev ier .com/ loc ate / jhazmat

tudy  of  thermodynamics  and  dynamics  of  removing  Cu(II)  by  biosorption
embrane  of  Penicillium  biomass

in  Zhang,  Haijia  Su ∗,  Tianwei  Tan,  Gang  Xiao
eijing Key Laboratory of Bioprocess, Beijing University of Chemical Technology, College of Life Science and Technology, Beijing 100029, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 9 December 2010
eceived in revised form 5 March 2011
ccepted 8 March 2011
vailable online 12 March 2011

eywords:
enicillium

a  b  s  t  r  a  c  t

Based  on  the  integration  of biosorption  and membrane-separation,  a novel  biosorption  membrane  with
good mechanical  property  was  prepared  by  immobilizing  Penicillium  biomass  with  cross-linked  chitosan
on  fabric.  The  ability  of  the low  cost  biosorption  membrane  to  remove  Cu(II)  ions  from  a  solution  was
studied  through  batch  and  continuous  experiments.  Langmuir  adsorption  isotherm  models  were  found
to accurately  fit the batch  experimental  data  (R2 >  0.99) indicating  that  sorption  was  of  monolayer-mode.
The  uptake  of Cu(II)  could  reach  38  mg/g  at its  initial  concentration  of 200  mg/L  in  the  solution.  Continuous
biosorption  was  investigated  in  a column  and  the  effects  of the  height,  flow  rate  and  initial  concentra-
iosorption
eavy metals
hermodynamics
DST
egeneration

tion  of  Cu(II)  were  studied.  The  Bed  Depth  Service  Time  model  (BDST)  was  applied  to simulate  column
adsorption  data.  The  breakthrough  time  at different  flow  rates  and  initial  concentrations  was  accurately
predicted  by  the  model  (error  < 8%).  The  uptake  of  Cu(II)  could  reach  38.3 mg/g  at  height  30  cm, flow
rate  5 mL/min,  initial  concentration  of  Cu(II)  200  mg/L.  The  biosorption  membrane  was  regenerated  by
washing  with  0.05  mol/L  solution  of HCl,  and  breakthrough  curves  remained  fairly  unchanged  after  10
cycles  of  adsorption–desorption.
. Introduction

Heavy metal ions existing in wastewaters of various industries
uch as metal plating, mining operations, battery manufactur-
ng and tannery fabrication are posing serious risks to human
ealth and the environment [1]. The removal of such metals from
hese effluents is becoming increasingly important as the dis-
harge regulations become more stringent. Among heavy metals
n wastewaters, copper has been a major focus in wastewater
reatment because it is associated with many health hazards. Con-
entional technologies for the removal of heavy metals use physical
r chemical methods, including the application of chemical
eagents, ion exchange, activated carbon sorption and membrane
echnology [2]. Most of these methods have limits in their appli-
ations, for example, very harsh reaction conditions, high cost, and
econdary pollution.

Considering the viewpoint of sustainable development and

omprehensive utilization of resources, biosorption has a promis-
ng prospect and a wide application due to its high removal
fficiency, low cost, mild operating conditions, no secondary pol-
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lution and good performance over other conventional treatment
processes in the removal and recovery of heavy metal ions from
wastewater. Biosorbents of metal ions can be obtained by different
microorganisms, e.g. algae, yeast and fungi [3,4]. Over the past two
decades, the use of mycelia (dead biomass) from the by-product of
the fermentation industry as biosorbents has received considerable
attention due to its low cost and good performance [5].  Since many
fermentation processes, such as penicillin production, produce a
large quantity of biomass which has high metal ion adsorption
capacity, the use of spent (dead) biomass from these industries also
helps to reduce the problem of waste biomass disposal.

However, commercial application of waste biomass in its free
form as a biosorbent can suffer from problems associated with
the physical characteristics (small particle size, poor mechanical
strength and little rigidity) of this material, which would bring
about the difficulty in the liquid–solid separation after biosorption,
inability to regenerate/reuse and development of high pressure
drop in a fixed-bed column mode. Immobilization of the biomass
onto a more rigid and open support has been found to be practical
to avoid these problems [6].

Chitosan, one of the most abundant polysaccharides, has many
–NH2 and –OH groups adsorbing heavy metal ions [7].  The use of

many cross-linked chitosans as adsorbents of metal ions has been
reported recently. An imprinted chitosan adsorbent prepared by
our research group [8] showed good chemical and physical stability
and could be reused up to 10 times without loss of adsorption

dx.doi.org/10.1016/j.jhazmat.2011.03.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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bility. A modified chitosan transparent thin membrane was
repared by Cheng et al. [9] and used as the adsorbent to removal
opper ions from aqueous solution. But the high cost of the
mprinted chitosan resin limits the use of chitosan as a biosorbent
or the removal of heavy metal ions in large-scale wastewater
reatment. A surface imprinted adsorbent (particle) prepared by Su
t al. [10] combines the advantages of the mycelium adsorbent with
hat of the imprinted chitosan adsorbent giving good combined
dsorption ability. However, this kind of particles do not overcome
he operational problems, showing still low mechanical strength
nd mechanical breakdown in continuous systems and has failed
o lead to industrial development. An economically viable immo-
ilization technology which not only preserves the sorption ability
ut also improves the mechanical properties would thus be a major
tep in developing biosorption systems for industrial application.

In the present paper, a novel biosorption membrane was
repared by immobilization of waste Penicillium biomass with
ross-linked chitosan on a fabric carrier. The biosorption membrane
f Penicillium biomass has good mechanical properties and was  suc-
essfully utilized for the removal of copper both in batch as well
s in continuous systems, and could be reused in 10 packed-bed
olumn adsorption–desorption cycles without loss of adsorption
bility.

. Materials and methods

.1. Biomass and reagent

Waste biomass of Penicillium was provided by Dongchen
iochemical Engineering Company [Shandong Province, China].
hitosan with 90% degree of deacetylation was extracted from
hrimp shells and procured from Jinan Haidebei Marine Bioengi-
eering Co., Ltd. NaOH, Cu(NO3)2, HCl, epichlorohydrin and acetic
cid were of analytical grade.

.2. Preparation of biosorption membrane

Penicillium biomass was dried at 80 ◦C in an air-supplied oven
or 12 h, then crushed to powder in a disintegrator and sieved to
article size ≤100 �m for use.

0.2g chitosan was dissolved in acetic acid (2.5% (v/v)), then 2.0 g
owder of Penicillium was added in the above solution, dispersing
ith ultrasound for 10 min. Epichlorohydrin as a crosslinking agent

f chitosan was added, reacting for 1 h at room temperature. The
ixture slurry was spread between two pieces of fabric as a mem-

rane (thickness 0.5–0.7 mm),  then soaked into 0.25 mol/L NaOH
as the solidifying solutions) for 3 h. At last, the membrane was
ashed with distilled water and dried at 80 ◦C for 12 h.

For scanning electron microscopy, samples of biomass of Penicil-
ium and biosorption membrane (without fabric) were coated with

 thin layer of gold under vacuum and examined using a Hitachi
4700 field emission scanning electron microscope (SEM) (Tokyo,
apan).

The pore characteristic of adsorption membrane (without fab-
ic) was measured by an autopore instrument (IV 9500 V1.09,
icromeritics Instrument Corporation, Atlanta, USA).

.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of air-dried samples of biosorbents were recorded
t room temperature using a Varian 3100 FTIR spectrometer. Chi-

osan, biomass, immobilized adsorbent or Cu(II)-loaded adsorbent
filtered and dried after contact with an initial Cu(II) concentration
f 200 mg/L at pH 5–6) were mixed with KBr and compressed into
lms for FTIR analysis.
s Materials 193 (2011) 1– 9

2.4. Batch Cu(II) adsorption experiments

0.2 g of adsorbent was added to each of a series of flasks con-
taining 50 mL  of solution with different Cu(II) concentrations at pH
5–6 and constant temperature, agitated in a shaker (model HZQ-
X100) for more than 6 h (equilibrium was  achieved quickly in less
than 2 h). Cu(II) was  measured by using a Atomic Absorption Spec-
trometer (SpectrAA55B). The uptake of Cu(II) by the adsorbents was
given by Eq. (1).

Q = (Co − Ce)V
W

(1)

where Q is uptake of Cu(II) by the adsorbents (mg/g); Co is the initial
Cu(II) concentration (mg/L); Ce is the Cu(II) concentration (mg/L)
after the batch adsorption experiment; W is the mass of adsorbent
(g) and V is the volume of Cu(II) solution put in contact with the
adsorbent. The biosorption membrane was  regenerated by washing
with a 0.05 mol/L solution of HCl.

2.5. Isotherm models

The Langmuir model [11,12] assumes that uptake occurs on
a homogeneous surface by monolayer sorption without interac-
tion between sorbed molecules. The linear form of the Langmuir
isotherms is given by Eq. (2),  where Q is the uptake of metal
ion (mg/g); Ce is equilibrium concentration of metal ion solutions
(mg/L); Qmax is maximum uptake of metal ion by biosorbent (mg/g);
KL is the Langmuir equilibrium constant (L/g).

Ce

Q
= 1

KL × Qmax
+ Ce

Qmax
(2)

The Freundlich equation [13] is an empirical relationship
describing the adsorption of solutes from a liquid onto a solid sur-
face. The linear form of this model is given by Eq. (3),  where K and
n are the Freundlich constants.

ln Q = ln K + n × ln Ce (3)

2.6. Thermodynamic evaluation

Thermodynamic parameters such as free energy of sorption
(�G), enthalpy change (�H) and entropy change (�S) for the
adsorption process can be evaluated from Eqs. (4) and (5) [14,15].

�G = −RT ln KL (4)

ln KL =
(

�S

R

)
−

(
�H

RT

)
(5)

where R is the ideal gas constant (kJ mol−1 K−1) and T is the tem-
perature (K), KL is Langmuir equilibrium constant (L/g). �H and �S
can be calculated from a plot of ln KL versus 1/T.

2.7. Continuous Cu(II) adsorption experiments

A packed-bed glass column of 1.0 cm diameter and 30 cm in
height was  used in the continuous system. The biosorption mem-
brane was cut to pieces (2.0–5.0 cm × 0.3 cm)  and packed into the
column with plastic mesh both at the top and the bottom of the
packed-bed to retain the adsorbent in place. Cu(II) aqueous solu-
tion was  pumped through the bottom of column and the flow rate
was regulated with an adjustable peristaltic pump. Column efflu-
ent samples were collected from the top regularly until saturation
and analyzed for Cu(II) by Atomic Absorption Spectrophotometer

(SpectrAA55B). The adsorbent in column was thereafter eluted with
0.05 mol/L solution of HCl for reuse in a new cycle.

The performance of the packed-bed was  described through the
concept of a breakthrough curve, which was  obtained by plot-
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Table  1
Comparison on adsorbability of biomass, chitosan and fabric.

Chitosan Biomass Fabric Adsorbent (except for fabric)

Added mass (g) 0.05 0.5 0.5 0.55
Uptake of Cu(II) (mg) 3.02 19.5 1.01 23.0
Adsorbability per gram (mg/g) 60.6 38.9 2.0 41.9

W = 1.05 g; Co(Cu(II)) = 200 mg/L; V = 50 mL;  t = 8 h.
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cillium and the biosorbent membrane are showed by scanning
electro-micrographs (SEM) in Fig. 1. The average size of Penicil-
lium biomass particles is 50–150 �m.  Fig. 2(b) illustrates the surface
porosity of biosorbent membrane, where an uneven surface texture
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Fig. 1. SEM images of (a) biomass of 

ing the measured concentration divided by the inlet concentration
C/Co) against outlet volume (V). Breakthrough time (tb, min) and
reakthrough volume (Vb, mL)  were obtained when C/Co reached
.60; the exhaustion time (te, min) and exhaustion volume (Ve, mL)
ere obtained when C/Co reached 0.90.

.8. Bed Depth Service Time model (BDST)

The bed depth for service-time is an important design parameter
or a fixed-bed adsorber. The BDST model [16,17] provides a useful
elationship between the bed depth (Z) and service time (t), which
as proposed by Bohart and Adams in 1920. The BDTS model can

e expressed as Eq. (6).

b = No

CoF
Z  − 1

KaCo
ln

(
Co

Ct
− 1

)
(6)

here No is bed sorption capacity (mg/L), F is the influent linear
elocity (cm/min), Co is the initial concentration in the influent of
he column (mg/L), Ct is the effluent concentration of the column at
reakthrough (mg/L), Ka is the bed rate constant in the BDST model
L/(min mg)), which represents the rate of solute transfer from the
iquid phase to the solid phase, tb is the service time and Z is the
ed height of the column (cm).

A simplified form of the BDST model is given as:

b = aZ + b (7)

here the slope (a) and the intercept (b) of the equation are given
y the expressions below:

 = No

CoF
,  b = − 1

KaCo
ln

(
Co

Ct
− 1

)
(8)

 plot of tb versus Z should yield a straight line where No and ka,
espectively can be evaluated. The critical bed depth (Zo), which is

efined as the theoretical depth, can prevent the adsorbate concen-
ration from exceeding the breakthrough concentration (Ct) at t = 0.
he BDST model parameters can be helpful to scale up the process
or other flow rates without further experimental run.
lium and (b) biosorption membrane.

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. Adsorbability of biomass, chitosan and fabric
In order to distinguish which component is more important for

biosorption, adsorption experiments were investigated using chi-
tosan powder, biomass powder, fabric and immobilized adsorbent.
The comparison on adsorbability of biomass, chitosan, fabric and
immobilized adsorbent is shown in Table 1. Biomass of Penicillium
and chitosan are also good adsorbent of Cu(II). Due to its quality
ratio much more than chitosan, biomass of Penicillium still stands
as the major contribution of biosorption.

3.1.2. SEM characterization of adsorbent
The surface texture and morphology of the biomass of Peni-
5001000150020002500300035004000
Wavenumber

Fig. 2. FTIR spectra of chitosan, biomass, immobilized adsorbent and Cu(II)-loaded
adsorbent: (a) chitosan; (b) biomass; (c) adsorbent; (d) adsorbent-Cu.
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Table  2
Pore characteristic of adsorbent membrane.

Parameters Value

Total intrusion volume 0.597 mL/g
Total pore area 7.79 m2/g
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Fig. 3. Adsorption isotherm of Cu(II) at different temperatures. W = 0.2 g, V = 50 mL,
pH  5–6, 110 rpm.

Table 4
Thermodynamic constants for the adsorption of Cu(II) at various temperatures.

T (K) �G (kJ mol−1) �S (J mol−1 K−1) �H  (kJ mol−1)

T
P

Average pore diameter (4V/A) 306 nm
Apparent (skeletal) density 1.30 g/mL
Porosity 43.7%

long with lot of irregular surface format was observed, thereby
ncreasing the contact area, which facilitates the pore diffusion
uring adsorption.

.1.3. Pore characterization of adsorbent
In order to obtain the pore characterization of adsorbent mem-

rane, sample of the adsorbent membrane was measured by using
n autopore instrument including total intrusion volume, total pore
rea, pore diameter, and porosity (shown in Table 2).

.1.4. FTIR characterization of adsorbent
As can be seen from Fig. 2(a)–(c), chitosan, biomass, immobilized

dsorbent have nearly the same peaks which indicate the pres-
nce of amino, carboxylic and hydroxyl groups. The wide band at
700–3000 cm−1 is assigned to the stretching vibrations of O–H and
–H bond of macromolecular association. The peaks observed at
bout 2922 and 2850 cm−1 is assigned to the stretching vibrations
f C–H bond of methylene groups. The peaks at about 1654 cm−1

re caused by the stretching band of carboxyl groups. The bands at
200–800 cm−1 are dominated by C–O and C–N stretching [18,19].

The O–H and N–H absorption peak around 3430 cm−1 shifted
ignificantly for protonated peels from 3429 to 3433 cm−1 after
u(II) binding (Fig. 2(c) and (d)). A strong shift was  also observed
or carboxyl group absorption peak from 1653 to 1648 cm−1. The
hift in wave number corresponds to a change in energy of the
unctional group, indicating that the bonding pattern of O–H, N–H
nd –COOH groups changes after sorption. This result confirms the
nvolvement of hydroxyl, amino and carboxyl groups in binding of
u(II).

.2. Batch Cu(II) adsorption

.2.1. Effect of temperature and isotherm models
Fig. 3 illustrates the uptake of Cu(II) at 308, 318 and 323 K

lotted against the initial concentration of Cu(II). Increase with
oncentration of Cd(II) from 100 to 2000 mg/L at different tem-
eratures shows an increase in the biosorption capacity. In view
f the obtained results, it can be concluded that the tempera-
ure strongly affects the metal removal. The maximum uptakes of
u(II) at 308, 318 and 323 K are 66, 48 and 37 mg/g, respectively
Fig. 3). The biosorption capacity of Cu(II) by adsorbent is decreased
ith increase in temperature. A similar temperature-effect on the

iosorption has previously been reported [20].
Equilibrium data, commonly known as the equilibrium biosorp-
ion isotherm, is one of the most important information for the
nalysis and design of adsorption systems. Isotherm model param-
ters and the underlying thermodynamic assumptions of the
odels can provide information on the adsorption mechanisms,

able 3
arameters of the biosorption isotherms obtained at different temperatures.

T (K) Langmuir 

Langmuir equation Qmax (mg/g) KL (L/g) R2

308 Ce/Q = 0.016Ce + 0.498 64.5 32.1 0.
318 Ce/Q = 0.021Ce + 0.628 46.7 33.4 0.
323  Ce/Q = 0.027Ce + 0.706 36.8 38.2 0.
308 −19.5
91.3 8.63318 −20.3

323  −21.0

the surface properties and the uptake capacity of the adsorbent
[21]. The widely used Langmuir and Freundlich isotherms are uti-
lized to describe the equilibrium data in this study to describe the
adsorption equilibrium.

The plot of Ce vs. Ce/Q of the Langmuir isotherm and the plot of
ln Q vs. ln Ce of the Freundlich isotherm are obtained at different
temperatures (308, 318 and 323 K), respectively. The parameters
of the Langmuir and Freundlich models are listed in Table 3.

The R2 values in Table 3 suggest that the Langmuir isotherm
accurately fits the biosorption process due to the high determina-
tion coefficient (R2 > 0.99), whereas the Freundlich model is not a
suitable approach for this system (R2 < 0.76). It indicates that the
removal process of Cu(II) on a biosorption membrane of Penicil-
lium biomass occurred in a monolayer without interaction between
sorbed molecules [22]. The maximum monolayer uptake capaci-
ties of Cu(II) are found between 36.8 mg/g and 64.5 mg/g at various
temperatures in the batch studies.

3.2.2. Thermodynamic evaluation
Using the data in Table 3, the values of free energy of sorption

(�G) of the Cu(II) biosorption by Penicillium membrane at differ-
ent temperatures were computed. According to Eq. (5),  the values of
enthalpy change (�H) and the entropy change (�S) were calculated
from a plot of ln KL (from the Langmuir isotherm) versus 1/T,  respec-
tively (Fig. 4). The results of these thermodynamic calculations are
shown in Table 4.
The negative values for �G  at all temperatures studied
(308–323 K) indicate that the adsorption process is spontaneous
[23]. A positive value of �S  indicates increased randomness of
adsorbate molecules on the solid surface than in the solution

Freundlich

Freundlich equation n K R2

997 ln Q = 0.447 ln Ce + 1.33 0.17 3.79 0.753
998 ln Q = 0.419 ln Ce + 1.26 0.24 3.51 0.731
997 ln Q = 0.371 ln Ce + 1.25 0.16 3.50 0.700



X. Zhang et al. / Journal of Hazardous Materials 193 (2011) 1– 9 5

= -1038x + 10.98y 
R

2
= 0.766

7.6

7.65

7.7

7.75

7.8

7.85

0.00330.003250.00320.003150.00310.00305

In
K
L

[
i
8
t
c
[
o
p

3

m
e

3

g
c
t
r
p
(

F
p

Table 5
Different experimental parameters of the breakthrough curves at various bed
heights.

Z (cm) tb (min) W (g) Q (mg/g)

10 65 2.15 30.2
15 113.1  3.21 35.2
20  160.2 4.35 36.8
1/T

Fig. 4. Plot of the Langmuir isotherm constant (ln KL) vs. temperature (1/T).

24,25]. The positive value of �H shows that Cu(II) biosorption
s an endothermic process. The value of �H was estimated as
.63 kJ mol−1. Basically, the heat evolved during physical adsorp-
ion generally falls into a range of 8–25 kJ mol−1, while the heat of
hemical adsorption generally falls into a range of 80–200 kJ mol−1

26]. Therefore, it seems that Cu(II) biosorption by a membrane
f Penicillium biomass can be attributed to a physical adsorption
rocess.

.3. Continuous Cu(II) adsorption

In most industrial wastewater treatment units, a continuous
ode of operation is preferred. Therefore, continuous biosorption

xperiments of Cu(II) were also carried out.

.3.1. Effect of bed height on biosorption
The effect of the bed height on adsorption of Cu(II) was investi-

ated using various bed heights from 10 to 30 cm.  The breakthrough
urves obtained from the variation of the metal concentration in

he column effluent with volume at different bed heights are rep-
esented in Fig. 5. The bed height (Z), breakthrough time (tb, the
osition at C/Co = 0.6), adsorbent mass (W), as well as Cu(II) uptake
Q) are tabulated in Table 5.

ig. 5. Effect of bed height on the breakthrough curve. Co = 200 mg/L; F = 5 mL/min;
H 6.0–7.0.
25  196.52 5.13 38.2
30  239.2 6.25 38.3

The typical breakthrough curves are plotted in Fig. 5. Result
indicates that the volume treated, breakthrough time and uptake
capacity are increased with the rise in bed height from 10 to 30 cm,
and the maximum Cu(II) uptake of 38.3 mg/g is obtained in 30 cm
of column height. Accumulation of Cu(II) in the packed-bed column
is largely dependent on the adsorbent doses inside the column. A
taller bed offers more service surface of the adsorbent, which sup-
plies a larger number of active sites and ionic groups of biomass
available for the sorption of Cu(II). The result is a delayed break-
through of the metal ions leads even when the volume of the liquid
treated increases [27,28].

As is shown in Table 5, the uptake capacity of Cu(II) increased
from 30.2 to 38.3 mg/g when the bed height increased from 10
to 30 cm.  This result can be explained by mass transfer phenom-
ena taking place in this process. Higher bed depth results in a
longer residence time of the solution in the column, allowing the
metal ions to have sufficient time to contact with adsorbent surface
and diffuse more deeply inside the adsorbent [29]. When the bed
depth is low, the axial dispersion phenomenon predominates in the
mass transfer and reduces the diffusion of metallic ions. The metal
ions do not have enough time to diffuse into the whole adsorbent
mass.

3.3.2. Effect of liquid flow rate on biosorption
The flow rate is an important characteristic in evaluating the

performance of biosorption, for continuous treatment of wastew-
ater on industrial scale. Fig. 6 presents the effect of flow rate on
breakthrough curves for Cu(II) adsorption at varying the flow rate
from 2.0, 5.0, and 7.0 mL/min and keeping the initial Cu(II) concen-
tration (200 mg/L) and bed depth (15 cm)  constant.
As is shown in Fig. 6, the column performs well at the low
flow rate, whereas the breakthrough curve becomes steeper as the
flow rate increased. Both a decreasing column breakthrough time

Fig. 6. Effect of flow rate on the breakthrough curve. Co = 200 mg/L; Z = 15 cm; pH
6.0–7.0.
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ig. 7. Effect of initial Cu(II) concentration on the breakthrough curve. Z = 15 cm;
 = 5 mL/min; pH 6.0–7.0.

310.8 min, 113.1 min  and 69.2 min) and decreasing Cu(II) uptake
38.7 mg/g, 35.7 mg/g and 30.2 mg/g) are noticed when flow rate
ncreases from 2 to 7 mL/min.

This behavior can be explained by the fact that the liquid resi-
ence time in the column is critical for the biosorption process [30].
hen the flow rate is increased, the liquid residence time in the col-

mn  is reduced, which restricts the contact between metal solution
nd active sites on the biosorbent surface. Due to this reason met-
ls ions do not have enough time to diffuse into pores of biosorbent
nd leave the column before equilibrium is attained. This resulted
n shorter breakthrough times and lower metal uptake at higher
ow rates [31,32]. Similar results were previously reported [33] in
heir study of adsorption of reactive dye by metal hydroxide sludge
n a fixed-bed column.

Moreover, Doan [34] reported that the overall metal removal
rocess includes two steps: the external mass transfer from the
ulk liquid to the solid adsorbent surface, and the intra-particle
ass transfer of metal ions into the adsorbent. Since the metal

ptake decreased significantly with increasing liquid flow rate, it
s believed that the metal removal process is mainly controlled by
he step of external mass transfer.

.3.3. Effect of initial Cu(II) concentration on biosorption
Fig. 7 depicts three breakthrough curves of Cu(II) removal by

iosorption membrane of Penicillium biomass at different inlet con-
entrations (200, 350 and 500 mg/L), 15 cm bed-depth, and flow
ate of 5.0 mL/min.

As expected, a decreased initial Cu(II) concentration yields a
ater breakthrough time (from 41.8 min  to 113.1 min) and the
reated volume is increased from 209.0 mL  to 565.5 mL  with
ecreasing concentration from 500 to 200 mg/L. This indicates that

 better column performance is obtained at lower initial Cu(II) con-
entration and the reason for this behaviors is that the lower solute
oncentration difference (between the sorbent and the solution)
auses a slower diffusion and a decreased mass transfer coefficient
35]. A high concentration difference provides a high driving force
or the adsorption process. With increasing inlet Cu(II) concentra-
ion, the binding sites became more quickly saturated in the system
36].

.3.4. Bed Depth Service Time model (BDST)

The plot of breakthrough time against bed height at a flow rate

f 5 mL/min and initial Cu(II) concentration of 200 mg/L (Fig. 8) was
inear (R2 = 0.9974) indicating the suitability of BDST model for the
resent system. Parameters in the BDST model and breakthrough
Bed Height cm

Fig. 8. Determination of BDST model parameters.

time error (ε) are shown in Table 6, where the sorption capacity per
unit bed volume (No) was calculated from the slope of BDST plot,
and the rate constant (Ka) calculated from the intercept of BDST
plot.

The BDST model constants can be helpful to analyze the process
for new flow rates and concentration without further experimental
run, which is significant for application in treatment of practical
wastewater.

The slope constant for a different flow rate can be directly cal-
culated from Eq. (9) given below [37,38]:

a′ = a
F

F ′ (9)

where a and F are the old slope and influent linear velocity, respec-
tively; a′ and F′ are the new slope and new influent linear velocity,
respectively.

For other influent concentrations, the desired equation is given
by a new slope and new intercept given by Eqs. (10) and (11):

a′ = a
Co

C ′
o

(10)

b′ = b
Co

C ′
o

ln(C ′
o − 1)

ln(Co − 1)
(11)

where b′ and b are the new and old intercepts, respectively; C ′
o and

Co are the new and old effluent concentrations, respectively.
The predicted values, (tb)theor, experimental values, (tb)exp of

breakthrough time and error (ε) for new flow rates and effluent
concentrations are shown in Tables 7 and 8, respectively. The low
value of the relative error (ε < 8%) (shown in Tables 6–8)  proves that
breakthrough time at different bed heights, flow rates and initial
concentrations were accurately predicted by the BDST model.

3.3.5. Regeneration and reuse of biosorbent
The regeneration of the biosorbents is one of the key factors in

assessing their potential for commercial applications. The multi-
ple reuses of the biosorbent can reduce the process cost as well
as decreased the process on continuous supply of the biosor-
bent [39]. The sorption performance of biosorption membrane

of Penicillium biomass was evaluated in 10 sorption–desorption
cycles. The column was packed with 3.0 g (bed height 15 cm)
of biosorbent and the flow rate was adjusted to 5 mL/min.
The breakthrough curve for all sorption cycles is presented in
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Table  6
Parameters in the BDST model and breakthrough time error.

Z (cm) No (mg/L) Ka (L/(min mg)) Zo (cm) tb (min) ε (%)

(tb)theor (tb)exp

10

10,996.5 1.131 × 10−4 2.08

68.4 65 5.03
15  111.6 113.1 1.32
20  154.8 160.2 3.49
25 198.0  196.5 0.74
30 241.2  239.2 0.82

Table 7
Predicted breakthrough time based on BDST constants for new flow rates.

a (min/cm) b (min) Z (cm) F (mL/min) F′ (mL/min) a′ (min/cm) tb (min) ε (%)

(tb)theor (tb)exp

8.64 17.9 15 5
2 21.6 306.1 310.8 1.54
5  – 111.6 113.1 1.32
7  6.17 74.7 69.2 7.33

Table 8
Predicted breakthrough time based on BDST constants for new effluent concentrations.

a (min/cm) b (min) Z (cm) Co (mg/L) C ′
o (mg/L) a′ (min/cm) b′ (min) tb (min) ε (%)

(tb)theor (tb)exp

8.64 17.9 15 200
200 – – 111.6 113.1 1.32
350  4.94 11.3 62.7 58.6 6.60
500  3.46 8.4 43.4 41.8 3.77

Table 9
Sorption–desorption process parameter for ten sorption–desorption cycles.

Cycle no. Co (mg/L) Z (cm) Uptake (mg/g) Desorption (%) Vb (mL) Ve (mL) tb (min)

1

200 15

36.0 94.1 578 747 115.6
2  31.4 90.8 504 721 100.8
3 28.9  96.0 464 652 92.8
4  29.5 98.7 474 630 94.8
5  29.2 98.9 468 612 93.6
6  28.8 93.3 463 628 92.6
7  26.9 92.8 432 622 86.4
8 25.0  92.8 401 600 80.2
9  23.2 

10 20.9  

F
Z

F
t
a
T

ig. 9. Sorption breakthrough curve during ten sorption cycles. Co = 200 mg/L;
 = 15 cm; F = 5 mL/min; pH 6.0–7.0.
ig. 9. The metal uptake capacity, desorption efficiency (%), break-
hrough volume, exhaustion volume and breakthrough time for
ll the 10 sorption cycles were calculated and are presented in
able 9.
90.3 372 541 74.4
– 336 519 67.2

It can be seen from Fig. 9 that with the progress of sorption
cycle, the breakthrough curve became flat as a result of the decrease
of breakthrough time (from 115.6 to 67.2 min) with the cycle
extended, as well as the Cu(II) uptake capacity decrease from 36.0
to 20.9 mg/g; however, it is very satisfactory that the biosorption
membrane of Penicillium biomass offers the potential to be used
repeatedly in Cu(II) biosorption studies without significant loss in
the total biosorption capacity in the forthcoming cycle. This is due
to previous elution processes, which affect the biomass binding
sites.

The desorption curves obtained for all cycles are presented
in Fig. 10.  The flow rate was  maintained at 5.0 mL/min to avoid
over contact of the desorbent with the biosorbent. The desorp-
tion curves observed in all the cycles exhibit a similar trend: a
sharp increase in the beginning followed by a gradual decrease.
Similar result was observed by S.H. Hasan and P. Srivastava [40].
The desorption efficiency exceeds 90.2% in all 10 desorption cycles.
The total volume of Cu(II) bearing solution (200 mg/L) treated
during this regeneration study was around 6.3 L in 10 cycles
by 3.0 g biosorbents and highly concentrated Cu(II) solutions are

present in only a small volume of desorbent. For instance, in
the first cycle at V = 100 mL,  the effluent Cu(II) concentration was
1589.2 mg/L. This result shows that the biosorption membrane of
Penicillium biomass is a good adsorbent that can be regenerated
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Table  10
Comparison of biosorption capacity for Cu(II) ions from the literature.

Biosorbent material Co (mg/L) Flow rate (mL/min) Uptake (mg/g) Regeneration (cycles) Reference

Immobilized Arthrobacter sp. 50 3.5 32.6 6 [40]
Fennel  biomass 50 1.0 16.7 – [41]
Wheat  straw 100 18.3 

Sargassum 35 15 

Membrane of Penicillium 200 5.0 

0

200

400

600

800

1000

1200

1400

1600

1800

6005004003002001000
V mL

e1 cycl
e2 cycl
e3 cycl
e4 cycl
e5 cycl
e6 cycl
e7 cycl
e8 cycl
e9 cycl

10 cycleC
m

 g
/L

F
Z

a
t

a
T
i
P
l

4

s
T
i
o
e
c

r
b
o
o
fl
a

m
r
c
T
b
o

[

[

[

[

[

[

[

[

[

[

[

[

[

[
of  lead from aqueous solution by chemically modified carbon adsorbents, J.
ig. 10. Column desorption curve during ten desorption cycles. C(HCl) = 0.05 mol/L;
 = 15 cm; F = 5 mL/min.

nd reused for the efficient removal of Cu(II) from aqueous solu-
ions.

A comparison of adsorption capacity of some other low cost
dsorbents to uptake Cu(II) from aqueous solutions is shown in
able 10.  From Table 10,  it was observed that Cu(II) sorption capac-
ty and ability of being reused by the biosorption membrane of
enicillium biomass are found to be relatively higher than the other
ow cost adsorbents.

. Conclusion

The low cost biosorption membrane of Penicillium biomass was
uccessfully utilized for the removal of copper in a batch system.
he Langmuir isotherm model fitted the sorption data (R2 > 0.996)
ndicating that sorption was monolayer and the maximum uptake
f Cu(II) was 66 mg/g at 308 K. The adsorption process was also
ndothermic and thermodynamically spontaneous under natural
onditions.

In fixed-bed, continuous experiments, a taller bed, lower flow
ate and lower initial Cu(II) concentration were favourable for the
iosorption and the maximum uptake capacity (38.3 mg/g) was
btained at height 30 cm,  flow rate 5 mL/min, initial concentration
f Cu(II) 200 mg/L. The breakthrough time at different bed heights,
ow rates and initial concentrations was accurately predicted (rel-
tive error < 8%) by the BDST model.

The biosorption membrane of Penicillium biomass with good
echanical property was successfully utilized for the continuous

emoval of copper and could be reused in 10 adsorption–desorption
ycles without loss of adsorption ability in a packed-bed column.

he Cu(II) sorption capacity and ability of reused biosorption mem-
rane of Penicillium biomass was found to be relatively higher than
ther low cost adsorbents.

[

0.736 – [34]
38.0 10 [42]
38.3 10 Present study
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