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ABSTRACT

The removal of Cd(II) from aqueous solutions by a Pleurotus mutilus macrofungal biomass
was investigated in a fixed-bed column. The experiments were conducted to study
the effects of important design parameters such as bed depth (10–15 cm), flow rate
(5–20 mL/min), and inlet concentration (30–50 mg/L). The optimum conditions were
achieved at 15 cm, 10 mL/min, and 50 mg/L, respectively. The BDST, Thomas, and
Adams–Bohart models were also applied to the experimental data to predict the break-
through curves at various operating parameters. The BDST model was in good agreement
with the experimental data. The breakthrough curves were well fitted with the Thomas
model (R2 > 0.97), while the Adams–Bohart model was applicable for the initial part of
biosorption. The column was regenerated by eluting Cd(II) using 0.05 M HNO3 and the
biosorbent was reused for three biosorption regeneration cycles. The results show a good
regeneration efficiency and a high removal for Cd(II) with a slight decrease in biosorption
capacity with cycles. P. mutilus macrofungal biomass was proved to be a potential
biosorbent for the removal of Cd(II) in the fixed-bed column.
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1. Introduction

Cadmium is one of the most toxic pollutants in
wastewater that is introduced into water from metal
mining, plating, batteries, pesticides, and pigments
[1,2]. It is considered to be particularly toxic and
responsible for the serious decrease in biological activ-
ity [3,4]. Cd(II) is accumulated in the kidneys and
liver, and ingestion results in several diseases such as

epigastric pain, nausea, vomiting, severe diarrhea, and
hemorrhage [5]. The World Health Organization has
set a maximum guideline concentration of 0.003 mg/L
for Cd(II) in drinking water [6].

The most widely used physicochemical methods
for cadmium removal include ion exchange [7],
chemical precipitation [8], coagulation–flocculation [9],
membrane filtration [10,11], and electrochemical treat-
ment [12]. However, most of these methods suffer
from some drawbacks, such as high operating cost,
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incomplete precipitation, and sludge generation, and
are not suitable for small-scale industries [13]. In
comparison with the conventional methods, biosorp-
tion is usually preferred due to its high efficiency,
easy handling, availability of various biosorbents,
selective adsorption of metal ions, short operation
time, and the possibility of material regeneration [14].
Although the use of activated carbon for cadmium
removal has been found to be successful [15,16], its
application has been limited because of its high cost
and regeneration difficulties [17,18]. Consequently, it
is important to find low-cost and non-conventional
alternative materials instead of traditional biosorbents.
Recently, some industrial byproducts, agricultural
residues, and forestry resources have received con-
siderable attention for application as biosorbents for
Cd(II) removal [19–26].

The edible fungus Clitopilus scyphoides (formerly
Pleurotus mutilus) is used by the SAIDAL industrial
complex in Médéa (Algeria) for the production of
pleuromutilin antibiotic. Large amounts of fungal
residue (35 tons/years) are produced during the fer-
mentation process and discharged to landfill with no
valorization. Previously, many studies have reported
the use of fungal residues (C. scyphoides) as biosorbents.
Chergui et al. [27] presented the main physicochemical
features of the dead fungal biomass of the basid-
iomycete P. mutilus, and tested it as a biosorbent to
remove the hexacyanoferrate (III) complex anions. Later
on, Yeddou-Mezenner [28] investigated the ability of
the fungal residue to adsorb the cationic dye Basic Blue
41. In our previous study, we investigated the biosorp-
tion of cadmium by an industrial residue of macrofun-
gal biomass (C. scyphoides) in batch mode [29]. We
studied the effect of various operating conditions such
as the solution pH, initial concentration of the test solu-
tion, and biosorbent dosage. The effect of other metal
concentrations on the biosorption capacity was also
investigated. However, studies on this biosorbent so far
have been restricted to batch systems only. Batch mode
is not convenient for application in an industrial scale,
in which large volumes of wastewater are continuously
generated. Therefore, further investigations are war-
ranted to establish its potential under a continuous
mode using fixed-bed column.

In process applications, a fixed-bed column is
simple to operate and economically valuable for
wastewater treatment [30–32]. Data obtained from
experiments using a laboratory-scale fixed-bed column
with a relatively large volume can be used to design a
larger pilot and industrial scale plant with a high
degree of accuracy [33].

Therefore, this investigation was aimed at studying
the continuous biosorption of cadmium by a P. mutilus

biomass in a fixed-bed column, and to determine the
optimal operating conditions (flow rate, inlet feed con-
centration, and bed depth). Moreover, the experimen-
tal breakthrough curves were fitted to the adsorption
models, such as the Thomas, Adams–Bohart, and bed
depth service time (BDST) models, to determine useful
characteristic parameters for process design.

2. Materials and methods

2.1. Biosorbent preparation and characterization

2.1.1. Biosorbent preparation

The industrial fungal waste, obtained after
pleuromutilin extraction from P. mutilus biomass, was
obtained from the SAIDAL antibiotic production
complex in Médéa (Algeria). This waste, collected as
wet flocs with yellowish color and a characteristic
odor, was thoroughly washed with distilled water and
dried for 24 h at 50˚C in an oven. The dried residue
was grounded manually in a mortar, sieved to yield
particles of 315–400 µm size, and stored at room
temperature before characterization and biosorption
experiments.

2.1.2. Biosorbent characterization

2.1.2.1. Apparent density and specific surface area. The
apparent density of the biosorbent was determined
using a pycnometer and the specific surface area was
calculated using the following equation:

Sp ¼ 6

qappdp
(1)

where dp (µm) is the mean diameter of biosorbent
particles (assumed to be spherical), Sp (m2/g) is the
specific surface area of biosorbent, and ρapp (g/m3) is
the apparent density of the biosorbent. The physico-
chemical characteristics of the biosorbent are listed in
Table 1.

2.1.2.2. Scanning electron microscopy, Fourier transform
infrared, and X-ray fluorescence analyses. The surface
morphology of the biosorbent was observed by
scanning electron microscopy (SEM) on a Zeiss EVO

Table 1
Physicochemical characteristics of the biosorbent

Particle size (μm) 315–400
dp (µm) 357.5
ρapp (g/cm3) 0.43
Sp (m2/g) 0.039
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40 EP microscope at various magnifications. Fourier
transform infrared (FTIR) spectrum of the biosorbent
was recorded using a Shimadzu FTIR-4800S
spectrometer over the wavenumber range of
500–4,000 cm−1. The samples were prepared using the
conventional KBr pellet technique (1 mg of biosorbent
in 300 mg of KBr).

The quantitative elemental analysis of the mineral
fraction of the biosorbent was performed using a
Shimadzu RF-1501 XRF spectrometer. The mineral
fraction was obtained by heating the dried residue at
about 400˚C in air for 3 h for the total degradation of
organic matter.

2.1.2.3. Acid-base potentiometric titration. Ion exchange
properties of the biosorbent regarding H+ and OH−

ions were studied by potentiometric titration at
ambient temperature following the procedure
described by Chubar et al. [34]. The aliquots of fungal
residue (1 g dry wt.) were introduced into magneti-
cally stirred Erlenmeyer flasks containing 0.05 L of
0.1 M KNO3 solution. After stirring for 2 h, precise
volumes of 0.1 M HCl or 0.1 M NaOH were added to
the flasks. The stirring was maintained for 24 h
and the equilibrium pH was measured (Hanna 211
pH-meter). The relative ion exchange capacity (IEC) of
the biosorbent (meq/g) was calculated according to:

IEC ¼ C V � vð Þ
m

(2)

where C (mol/L) is the concentration of HCl or NaOH
solution added, V (L) is the volume of HCl or NaOH
solutions added to the biosorbent suspension, v (L) is
the volume of NaOH or HCl solution needed to reach
the same pH in blank experiments (without biosor-
bent), and m (g) is the weight of biosorbent aliquots.

The overall electrical charge per gram of biosor-
bent was calculated as follows, considering electrical
neutrality of the liquid-biomass suspension:

(1) Acid pH (HCl added):

Qþ
x ¼ F Vo þ Vað Þ

m

CaVa

Vo þ Va
þ OH�½ � � Hþ½ �

� �
(3)

where Qþ
x (C/g) is the positive overall charge per unit

mass of biosorbent, Vo (L) is the initial volume of liq-
uid medium in the test flask, Ca (mol/L) and Va (L) is
the concentration and added volume of acid, respec-
tively, [H+] and [OH−] (mol/L) are the concentrations
of protons and hydroxyl ions in solution, respectively,
and F is the Faraday constant (F = 96,485 C/mol).

(2) Basic pH (NaOH added):

Q�
x ¼ F Vo þ Vbð Þ

m

CbVb

Vo þ Vb
þ Hþ½ � � OH�½ �

� �
(4)

where Q�
x (C/g) is the negative overall charge per unit

mass of biosorbent, and Cb (mol/L) and Vb (L) are the
concentration and added volume of base, respectively.

2.2. Column study

Fig. 1 shows a schematic diagram of the setup for
the continuous adsorption study. The fixed-bed
column was made of a glass tube with a length of 25
and 1.5 cm internal diameter. The biosorbent particles
were packed inside the column until the desired depth
was reached. The biosorbent bed was supported and
closed by glass wool and glass beads to improve the
flow distribution. The effluent feed solution was fed
through the column by a peristaltic pump in an
up-flow mode to avoid the channeling of solution and
compaction. Samples were collected from the exit of
the column at different time intervals and analyzed
for the remaining cadmium concentrations by atomic
absorption spectroscopy. The flow to the column
was continued until the outlet concentration (Ct)
approached the inlet concentration (C0). The experi-
ments were carried out at room temperature (20 ± 2˚C)
by varying operating conditions such as the flow rate,
inlet concentration, and bed depth. All experiments
were performed in duplicates and the deviations were
within 5%. For all breakthrough curves, the mean
values were used.

Fig. 1. Experimental system for column biosorption.
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The cadmium uptake in the bed q is calculated
from the area under the breakthrough curve using the
following equation:

q ¼ Q

1; 000 m
C0ts �

Zts
0

C dt

0
@

1
A (5)

where C and C0 (mg/L) are the initial and effluent
concentrations at time t, respectively. q (mg/g) is the
biosorption capacity of the bed, ts (min) is the exhaus-
tion time, Q (mL/min) is the flow rate, and m (g) is
the mass of biosorbent.

2.3. Regeneration and reusability tests

After the column reached exhaustion (Q = 10
mL/min, Z = 15 cm, and C0 = 50 mg/L), the biosor-
bent was regenerated using 0.05 M HNO3 with the
flow rate adjusted to 10 mL/min. Deionized water
was used to wash the bed until the pH of the effluent
solution was stabilized near 7.0. The column
was again fed with a synthetic solution containing
50 mg/L of Cd(II). The four cycles of biosorption
followed by desorption were performed to evaluate
the reuse potential of the biosorbent.

2.4. Modeling of breakthrough curves

The mathematical models such as Thomas,
Adams–Bohart, and BDST are the most used to
describe the dynamic behavior of pollutants’ removal
in a fixed-bed column. Therefore, these models were
applied to the experimental data obtained for biosorp-
tion of cadmium by P. mutilus at various operating
conditions.

2.4.1. The Thomas model

The Thomas model is the most widely used model
in column performance theory. The model assumes
second-order reversible reaction kinetics and the
Langmuir isotherm [35,36]. This approach focused on
the estimation of characteristic parameters such as
maximum removal capacity (q0) and the reaction rate
constant (kTh). The linearized form of Thomas model
can be expressed as Eq. (6).

ln
C0

Ct
� 1

� �
¼ kTh

Q
q0x� C0Veffð Þ (6)

where kTh (L/mg min) is the Thomas rate constant, C0

and Ct (mg/L) are the inlet and outlet concentrations,
Q (mL/min) is the flow rate, q0 (mg/g) is the maxi-
mum biosorption capacity, x (g) is the amount of
biosorbent in the bed, Veff (mL) is the effluent volume,
and Veff =Q/t, t (min) is the operating time.

A linear plot of ln [(C0/Ct) − 1] against time (t) was
employed to determine the values of kTh and q0 from
the intercept and slope of the plot [37].

2.4.2. The Adams–Bohart model

The Adams–Bohart model is usually used for the
description of the initial part of the breakthrough
curve [38,39]. It is based on the surface reaction rate
theory and assumes that the adsorption rate is propor-
tional to both the concentration of the adsorbate and
the residual adsorptive capacity of the adsorbent [35].

The expression for the linear Adams–Bohart model
is as follows [40,41]:

ln
Ct

C0

� �
¼ kABC0t� kABN0

Z

F

� �
(7)

where kAB (L/mg min) is the biosorption rate constant,
N0 (mg/L) is the saturation concentration, F (cm/min)
is the linear velocity calculated by dividing the flow
rate by the column section area, and Z (cm) is the bed
depth. The parameters kAB and N0 can be calculated
from the intercept and slope of the linear plot of ln
(Ct/C0) against t (not shown in figure).

2.4.3. BDST model

The BDST model is one of the most simplified
fixed-bed analysis methods, which is implemented in
many adsorption column studies [42,43]. It was
proposed by Bohart and Adams, and subsequently
modified by Hutchins [44]. The model is based on
physically measuring the capacity of the bed at differ-
ent breakthrough values, while ignoring the intraparti-
cle mass transfer resistance and the external film
resistance such that the adsorbate is directly adsorbed
on the adsorbent surface [45].

Hutchins proposed a linear relationship between
the bed depth and service time, called BDST model
(Eq. (8)) [46].

tb ¼ Nb

C0F
Z� 1

KaC0
ln

C0

Cb
� 1

� �
(8)
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where tb (min) is the service time at a breakthrough
point, C0 (mg/L) is the initial concentration, Cb (mg/L)
is the breakthrough concentration, Ka (L/mg min) is
the rate constant, Nb (mg/L) is the saturation concen-
tration, F (cm/min) is the linear velocity, and Z (cm) is
the bed depth.

A plot of time (tb) against bed depth (Z) was
employed to determine the parameters N0 and Ka

from the intercepts and slopes.

3. Results and discussion

3.1. Biosorbent characterization

3.1.1. SEM, FTIR, and X-ray fluorescence (XRF)
analyses

From Fig. 2, the SEM images of the dried biosor-
bent indicate a regular spherical morphology with an
external surface that, although rather smooth, dis-
played a number of cracks likely to favor solute
biosorption through enhanced diffusion to active sites.

From Table 2, the main elements present in the
mineral fraction are calcium, silicon, phosphorus, and,
to a lesser extent, iron and potassium at various
amounts of 42.9, 36.9, 13.4, 4.1, and 2.3% (w/w) of the
dry weight, respectively (Table 2).

In order to identify the main functional groups of
the biosorbent, including those involved in the
biosorption process, FTIR analysis of the biosorbent
was also performed. Fig. 3 shows the FTIR spectrum
of the biosorbent, the vibration frequencies, and their
corresponding groups. The obtained results indicate
the presence of hydroxyl groups (–OH) (glycopro-
teins), amino groups (–NH) (amino acids and glyco-
proteins), and carboxyl groups (C=O, C–O) (carboxylic
acids, fatty acids, and primary and secondary amides)
(Fig. 3).

3.1.2. Acid-base potentiometric titration

The pH-dependence of both the IEC of the biosor-
bent and its overall electrical charge obtained from
Eqs. (2)–(4) are shown in Fig. 4. At low pH values, the
IEC decreased as the pH increased to reach a mini-
mum at a pH of 8, and then increased again at higher
pH. This indicates the amphoteric nature of the
biosorbent, which can be explained by the existence of
weak acid and basic groups on the biosorbent. At low
pH, the residue behaved like a base and an anion

Fig. 2. Scanning electron micrographs of the biosorbent particles. Different magnifications were applied; (A) 1 mm,
(B) 100 µm, and (C) 10 µm.

Table 2
XRF analysis of the mineral fraction of the biosorbent

Element % (w/w)a

Ca 42.9
Si 36.9
P 13.4
Fe 4.1
K 2.3
Zn 0.2
Others 0.2

aMean of two analyses. Fig. 3. Infrared spectrum of the biosorbent.
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exchanger, primarily owing to the protonation of
amino groups provided by proteins, and acid groups
being neutral or partially negative. Therefore, the
biosorbent remained positively charged.

At a pH value of 8, the overall electric charge and
IEC of the biosorbent were close to zero (Fig. 4) due to
the charge balance that occurs between the positively
charged amino groups and the deprotonated nega-
tively charged acid groups. At higher pH, the residue
behaves as an acid, yielding hydrogen ions from the
still undissociated groups. Its cation exchange capacity
and negative charge increased with pH.

3.2. Effect of operating parameters on column performance

The continuous flow biosorption of cadmium onto
P. mutilus biomass was investigated as a function of
flow rate, bed depth, and inlet concentration of cad-
mium. During the experiments, the studied parameter
was varied while other parameters were kept constant.
They were performed at room temperature (20˚C ± 2)
at a pH of 4. The shape of breakthrough curves for
various operating conditions was compared using a
plot of dimensionless concentration (C/C0) vs. time (t).

3.2.1. Effect of bed depth

The effect of bed depth (10, 13, and 15 cm) on the
continuous biosorption of cadmium was investigated
at constant flow rate and inlet concentration of
20 mL/min and 50 mg/L, respectively (Fig. 5). The
detailed experimental parameters are shown in Table 3.
The results showed that the biosorption capacities
increased with an increase in the bed depth. It was
observed also that the breakthrough and exhaustion
times increased as the bed depth increased, and the

biosorption process reached saturation more slowly
with an increase in the bed depth from 10 to 13 and
15 cm (Fig. 5). A high-bed depth resulted in a high
volume of metal solution treated and high removal of
cadmium. However, there is no significant difference
in the shape of breakthrough curves when the bed
depth increased from 13 to 15 cm.

This behavior may be due to a longer contact time
caused by more biosorbent in the column, which pro-
vided more binding sites and a larger surface for the
removal of Cd(II). A similar tendency was also
reported by Vimala et al. [47] for cadmium biosorp-
tion in a fixed-bed column packed with macrofungus
Pleurotus platypus. They concluded that the break-
through time, exhaustion time, and bed capacity
increased as the bed depth increased.

3.2.2. Effect of initial concentration

The effect of varying the initial Cd(II) concentration
from 20 to 50 mg/L on the shape of the breakthrough

Fig. 4. The pH-dependence of IEC and overall electrical
charge (Qx) of the biosorbent. Fig. 5. Comparison of the experimental and predicted

breakthrough curves obtained at various bed depths
according to the Adams–Bohart and Thomas models
(initial concentration: 50 mg/L and flow rate: 20 mL/min).

Table 3
Experimental parameters for the biosorption of Cd(II) onto
P. mutilus biomass

C0 (mg/L) Z (cm) Q (mL/min) tp (h) ts (h) q (mg/g)

20 15 20 15.0 23.0 78.28
40 10.0 21.0 82.34
50 5.0 16.0 84.85
20 10 20 4.5 14.5 68.69

13 10.0 17.0 74.91
20 15 5 27.5 45.0 82.37

10 16.5 25.0 80.12
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curves was investigated at a constant bed depth (15 cm)
and feed flow rate (20 mL/min). The resulting break-
through curves are shown in Fig. 6.

It appears that the breakthrough curves became
shaper, breakthrough time and exhaustion points
became shorter with an increase in the concentration
of cadmium (Fig. 6). This result was similar to that
reported in previous studies. Acheampong et al. [48]
investigated the effect of influent Cu(II) concentration
on breakthrough curves and found that a decrease in
Cu(II) concentration obtained a later breakthrough.
The tendency was also obtained by Han et al. [49].
They reported that the breakthrough time decreased
and sharper breakthrough curves were obtained with
an increase in the influent MB concentration.

Table 3 shows that the biosorption capacity
increased slightly with an increase in the concentra-
tion of Cd(II). An increase in the inlet concentration
reduced the treated volume of solution before the bed
gets saturated, since high Cd(II) concentrations may
saturate the biosorbent more quickly, thereby decreas-
ing the operating time. Decreasing the Cd(II) concen-
tration increased the volume of solution that can be
treated, shifting the breakthrough curve to the right
(Fig. 6). During the first 20 h of operating time, the
value of C/C0 reached 0.95, 0.76, and 0.13 when the
initial concentrations were 50, 40, and 20 mg/L,
respectively.

3.2.3. Effect of flow rate

The effect of flow rates from 5 to 20 mL/min on
breakthrough curves can be observed in Fig. 7. The
inlet concentration and bed depth were kept constant
at 50 mg/L and 10 cm, respectively.

As expected, an increase in flow rate produces a
reduction in breakthrough and exhaustion times, and
therefore, the breakthrough curve became steeper with

Fig. 6. Comparison of the experimental and predicted
breakthrough curves obtained at various inlet concentra-
tions according to the Adams–Bohart and Thomas models
(bed depth: 10 cm and flow rate: 20 mL/min).

Fig. 7. Comparison of the experimental and predicted
breakthrough curves obtained at various flow rates accord-
ing to the Adams–Bohart and Thomas models (initial
concentration: 50 mg/L and bed depth: 10 cm).

Table 4
The Adams–Bohart and Thomas fitting parameters for the biosorption of Cd(II) onto P. mutilus biomass

Conditions Adams–Bohart model Thomas model

C0

(mg/L) Z (cm)
Q
(mL/min)

KBA

(×104) (L/mg min)
N0

(×10−3) (mg/L) R2
KTh

(×104) (L/mg min)
q0
(mg/g) R2

20 15 20 3.85 12.51 0.930 1.41 53.20 0.983
40 1.45 26.46 0.896 1.75 73.71 0.992
50 1.06 31.18 0.956 1.54 77.50 0.978
20 10 20 2.05 17.90 0.897 2.14 51.76 0.972

13 3.01 14.87 0.942 1.68 55.63 0.974
20 15 5 1.15 20.55 0.861 1.26 67.79 0.978

10 2.30 14.62 0.909 1.57 55.89 0.973
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a shorter mass transfer zone (Fig. 7). The results in
Table 3 indicate that the biosorption of cadmium onto
P. mutilus biomass depends on flow rate. The biosorp-
tion capacity increased from 78.28 to 82.37 mg/g with
a decrease in the flow rate from 20 to 5 mL/min,
respectively (Table 3). At high flow rates, early break-
through and exhaustion time resulted in a low uptake.
This behavior can be explained by insufficient resi-
dence time for Cd(II) ions in the column, this did not
allow the progression of their mass transfer and
removal from the solution [50,51]. The result was simi-
lar to that reported by Acheampong et al. [48] during
the biosorption of Cu(II) onto coconut shells in fixed-
bed column. They concluded that the breakthrough
curve occurs faster at higher flow rates, and the
breakthrough and exhaustion times decreased with an
increase in the flow rate.

3.3. Prediction of breakthrough curves

3.3.1. Thomas model

The experimental data of breakthrough curves
shown in Figs. 5–7 were fitted linearly according to
the Thomas model (Eq. (6)). The predicted break-
through curves at various operating conditions are
shown in Figs. 5–7. The Thomas parameters such as

kTh and q0 obtained using linear regression analysis
are listed in Table 4.

The results show a good agreement between the
experimental and predicted breakthrough curves
(R2 > 0.96). From Table 4, it appears that the predicted
q0 was close to the experimental capacities of the col-
umn. As the flow rate increased, the values of kTh
increased while q0 decreased, due to faster mass trans-
fer for cadmium biosorption and a decrease in mass
transfer resistance and axial dispersion [52]. Contrari-
wise, the values of kTh decreased while those of q0
increased with an increase in the initial concentration
and bed depth. This is attributed to the driving force
for biosorption in the concentration difference, and the
increase in q0 with an increase in the bed depth is due
to the increase in contact time for cadmium removal.

3.3.2. The Adams–Bohart model

The experimental breakthrough curves obtained for
the biosorption of Cd(II) by P. mutilus biomass at vari-
ous operating conditions were analyzed according to
the Adams–Bohart model (Eq. (7)). The plots are
shown in Figs. 5–7. The kinetic parameters such as N0,

Fig. 8. BDST model for Cd(II) biosorption at various
breakthrough values.

Table 5
The BDST model parameters for the biosorption of Cd(II) onto P. mutilus biomass

C/C0 a (min/cm) b (min) Ka (L/mg min) Nb (mg/L) R2

0.2 53.16 −30.94 8.96 × 10−4 30,115.14 0.952
0.5 57.28 32.14 0 32,449.12 0.976
0.8 63.21 200.63 2.22 × 10−5 35,808.46 0.961

Fig. 9. Breakthrough curves obtained for three consecutive
cycles of biosorption–regeneration of Cd(II) onto P. mutilus
biomass (initial concentration: 50 mg/L, bed depth: 15 cm,
and flow rate: 10 mL/min).
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and kAB obtained are shown in Table 4. The results
obtained in Figs. 5–7 show that the Adams–Bohart
model provided a poor fitting compared to the
Thomas model (R2 < 0.96). The predicted kAB decreased
while N0 increased with an increase in theC0 (Table 4),
which indicates that the overall system kinetic was
dominated by the external mass transfer in the initial
part of biosorption in the column [53,54]. As the flow
rate and bed depth increased, the values of N0

decreased and kBA increased, due to the decrease in
mass transfer resistance and the axial dispersion in the
packed bed [52]. The decrease in N0 with an increase
in the flow rates is due to the decrease of the residence
time of Cd(II) ions in the column because the biosorp-
tion capacity for the continuous flow process is directly
proportional to the contact time.

3.3.3. BDST model

The results of bed depth (Z) and service time at
breakthrough point (tb) are plotted in Fig. 8 according
to Eq. (8) for 20, 50, and 80% breakthrough. The slope,
intercept, R2, saturation concentration (N0), and rate
constant (Ka) are listed in Table 5. Fig. 8 shows the lin-
ear tb vs. Z plot of the breakthrough data obtained at
various bed depths, indicating the validity of the BDST
model for biosorption system studied with high-
correlation coefficients (R2 > 0.94). Therefore, the BDST
model could be applied for all breakthrough values to
describe the whole breakthrough curves of Cd(II)
biosorption onto P. mutilus biomass. From Table 5, as
the values of Ct/C0 increased, the biosorption capacity
of the bed per unit bed volume N0, the slope, and the
intercept increased. The results are similar to those
obtained by Han et al. [49] during the adsorption of
methylene blue by phoenix tree leaf powder in a
fixed-bed column. The BDST model parameters can be
useful to further scale up the process for other flow
rates without further experimental runs.

3.4. Regeneration and reusability tests

In order to test the biosorbent reusability, the
P. mutilus biomass was reused for three biosorption–
regeneration cycles. Fig. 9 shows the breakthrough

curves obtained for each biosorption cycle, and their
corresponding breakthrough time, exhaustion time,
and column uptake are listed in Table 6. The results
show a slight decrease in breakthrough and exhaus-
tion times as the regeneration cycles progressed,
resulting in a broadened mass transfer zone. Further-
more, the biosorption capacity and removal efficiency
slightly decreased with regeneration cycles (Table 6).
The regeneration efficiencies were greater than 90% in
all the cycles, which can be explained by the gradual
deterioration of the biomass on continuous usage.

4. Conclusion

The P. mutilus macrofungal biomass displayed
promising characteristics as a potential biosorbent to
remove Cd(II) from contaminated water, among which
are a low cost (waste material with no pretreatment
needed) together with high biosorption capacity.
Based on the experimental results, the following con-
clusions can be listed:

(1) P. mutilus macrofungal biomass could be used
as an effective biosorbent to remove Cd(II) in a
fixed-bed column.

(2) The continuous flow biosorption of Cd(II) is
dependent on the flow rate, inlet concentration,
and bed depth. An increase in bed depth pro-
vides an increase in the treated volume and a
slight reduction in the biosorption capacity. As
the flow rate decreased, the treated volume
and biosorption capacity increased. At high
inlet concentrations, the biosorption capacity
also increased.

(3) The Thomas model described the breakthrough
curves far better than the Adams–Bohart
model. The BDST model was successfully
applied to the experimental data at various
breakthrough values, suggesting prospective
use of P. mutilus macrofungal biomass for the
high removal of Cd(II) in continuous mode.

(4) The biosorbent was easily regenerated using
0.05 M HNO3 solution and efficiently reused
for three successive biosorption–regeneration
cycles.

Table 6
Biosorption and regeneration parameters for three successive biosorption–regeneration cycles

Cycle q (mg/g) tp (h) ts (h) Removal (%) Mtotal (mg) Mad (mg) Regeneration efficiency (%)

1 80.63 17 27 86.36 810 699.51 91.64
2 68.67 14 23 79.04 690 545.38 92.87
3 2.67 11 21 72.91 630 459.33 91.09
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