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Abstract The dead biomass of Aspergillus niger was
studied as biosorbent for removing Zn(II) and Cr(VI) from
wastewater. The surface characteristics of the biomass
were evaluated based on the point of zero charge (PZC),
identification of adsorption sites and structure by scanning
electron microscopy. The adsorption capacity was deter-
mined by kinetic studies and adsorption equilibrium. The
results showed that the PZC is between pH 4.4 and 4.6. At
pH values below the PZC, the adsorption of anions occurs
by electrostatic attraction. For pH values above the PZC,
the surface is negatively charged, and cations are removed.
The adsorption of metals by the dead biomass fits the
pseudo-first and pseudo-second-order models. Moreover,
the equilibrium followed the Langmuir and Freundlich
models when the adsorbate concentrations were lower than
50 mg/L, whereas it followed only the Freundlich model at
concentrations above 50 mg/L. The biosorption process
was characterized by the prevalence of chemical forced
between the functional groups present on the biomass
surface and the metallic ions. Adsorption capacities of
Zn(Il) and Cr(VI) were 3.833 and 4.997 mg/L, respec-
tively. Therefore, the biomass of A. niger shows potential
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application as a biosorbent in the removal of these metal
ions.
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Introduction

Chromium and zinc are among the most toxic metals that
are found in effluents of mining, as well as electroplating,
anti-corrosive and leather industries. Tri- and hexavalent
chromium are pollutants, however, chromium (VI) has
greater potential pollution and is more toxic than chromium
(III), and is carcinogenic, mutagenic, teratogenic and
bioaccumulate in the food chain (WHO 1998). Zinc in
small concentrations is essential to the metabolism of cells,
but at concentrations above 5 mg/L is toxic to humans,
causing cumulative poisoning, cancer, brain damage, skin
irritation, anaemia, stomach pain, etc. (Agrawal et al. 2004;
Sousa 2007).

For a long time, the removal of toxic metals from
industrial wastewaters was carried out through physical—
chemical processes. However, from the 1970s, the bio-
logical processes for removing such ions for adsorption,
known as biosorption, were widely used (Sag et al. 1998;
Nagda et al. 2006). This is because the lower sludge pro-
duction and lower operational costs than those of physical—
chemical treatment. Many microorganisms, including
bacteria, algae and fungi have the capacity of removing
heavy metals from the environment (Vilar et al. 2007; Lee
and Chang 2011; Javaid et al. 2011; Akar et al. 2012). This
ability, as well as the mechanisms of accumulation, varies
with the microbial species or strain, and occur due to
binding of the metal ions to functional groups present in the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5343-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5343-9&amp;domain=pdf

462 Page 2 of 11

Environ Earth Sci (2016) 75:462

cell wall or on the membrane surface of microorganisms
by: complexation on the cell surface, ion exchange, phys-
ical adsorption or microprecipitation (Veglio and Beolchini
1997; Gupta et al. 2000). The biosorption of the metal ions
is affected by factors other than the specific properties of
the surface of the cell wall such as physical-chemical
properties of the medium, pH, temperature, presence of
nutrients, adsorbent dosage and equilibrium time (Kapoor
et al. 1999; Pagnanelli et al. 2003; Das Nilanjana et al.
2008; Bayramoglu et al. 2009; Wang et al. 2010; Fomina
and Gadd 2014).

The most important factor responsible for biosorption by
fungi is the cell wall area and properties, which contains
functional groups that serve as active sites for metal ions
(Bowman and Free 2006; Ramrakhiani et al. 2011). Fila-
mentous fungi present hyphae that are able to form pellets
when subjected to ideal conditions of orbital shaking (Liao
et al. 2007). This pellets comprised long and fibrous
hyphae, randomly arranged in an entangled net, with high
biomass density and surface area that improves mass
transfer and diffusion of the surrounding metal ions solu-
tion into pellets (Moreira et al. 1996). Therefore, the ions
have more chances of contact with the active sites inside
the pellet, increasing the capacity of biosorption (Fu and
Viraraghavan 2002; Mungasavalli et al. 2007; Arunaku-
mara and Xuecheng 2008; Borras et al. 2008). Among the
filamentous fungi, Aspergillus niger can be used for pro-
ducing pelletised biomass due to the composition of its cell
wall that contains carboxyl, amine, and phosphate groups,
which are responsible for the adsorption of metals (Ha-
jahmadi et al. 2015).

The objective of this work is to evaluate the use the dead
biomass of pelletised A. niger for removing Cr(VI) and
Zn(Il) from synthetic industrial wastewaters by biosorp-
tion, and to study the equilibrium and kinetics of the
process.

Materials and methods
Pellets production

The fungal species used in this study was A. niger isolated
from the effluent of a Brazilian oil refinery (Petréleo Bra-
sileiro SA). The isolation was performed by plating and
identified on the basis of the classical taxonomic keys.
After identification, the fungus A. niger was subcultured on
plates containing Sabouraud dextrose agar (65 g/L) and
1 mL/L of nutrient solution (EDTA, 10.0 g/L; ZnSO,.
7H,0, 4.4 g/L; MnCl,-4H,0, 1.0 g/L; CoCl,-6H,0, 0.3 g/
L, CU.SO45H20, 03 g/L, (NH4)6M070244H20, 0.2 g/L,
CaCl,-2H,0, 1.5 g/L; FeSO4-7TH,0, 1.0 g/L). The plates
were incubated for 3 days at 30 £ 2 °C for sporulation.
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Following, the spores were removed from plates and used
for producing a Tween 80 suspension solution, which was
stored in test tubes.

The pellets were produced by cultivating the suspension
of spores in a culture medium comprised of 8.0 g/L of the
previously mentioned nutrient solution and 0.05 g/L of
chloramphenicol (antibiotic). Subsequently, this medium
was autoclaved for 15 min at 121 £ 2 °C. A volume of
100 mL of the autoclaved culture medium and 2.0 x 10°
spores of A. niger were added to 10 Erlenmeyer flasks of
250 mL that were sealed with hydrophobic cotton and
incubated at 28 °C for 72 h under orbital shaking
(120 rpm). The pellets, with diameter in the range of
3-5 mm, were washed with distilled water, autoclaved
during 30 min at 121 °C and dried in an oven during 24 h at
50 °C. Next, the biomass was macerated and used for
determining the adsorption sites, point of zero charge (PZC)
and for the adsorption experiments. For scanning electron
microscopy, the pellets were merely washed and then
sieved in order to avoid changes in the fungal structure.

The determination of the adsorption sites of metal ions
was carried out using the Fourier Transform Infrared
Spectroscopy (FTIR) (Mukhopadhya 2008). The morpho-
logical characterization of the pellets, before and after
contact with a solution of 50 mg/L of Zn(Il) during 12 h,
was carried out by using a scanning electron microscope
(Model DSM 940 A, Zeiss).

Biosorption tests

The two stock solutions containing 1000 mg/L of Zn (II)
and Cr(VI) were prepared using reagent grade Zn(NOj3),
and K,Cr,O;. The tests solution comprised of different
concentrations of the stock solution and a buffer
(CgHsKOy). The Initial pH was varied from 2.5 to 6.0 using
HCI 0.1 mol/L or NaOH 0.1 mol/L.

The optimal conditions for biosorption of Cr(VI) and
Zn(Il) were determined in batch tests based on the
adsorption equilibrium at different pH values, on the initial
concentration and on the equilibrium time. Each condition
was evaluated independently for Zn(II) and for the Cr(VI).

The biosorption capacity, which is the amount of
adsorbed material per mass of adsorbent (Q), was calcu-
lated using the Eq. (1) (Hameed et al. 2007). The removal
efficiency of metals was calculated based on Eq. (2).

0 =V=x((C—C)/m) (1)
% Removal = (Cy — Ce/Cp) * 100 (2)

where Q is the biosorption capacity (mg/g), C, is the initial
adsorbate concentration (mg/L), C,. is the equilibrium (fi-
nal) adsorbate concentration (mg/L), V is the working
volume of each batch test (L), m is the mass of adsorbent
(g), % removal is the removal efficiency in %.
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The determination of Zn(II) remaining in the solutions
was performed by flame atomic-absorption spectropho-
tometry (Fast Sequential Atomic Absorption Spectrometer-
Model AA240FS-Varian). The determination of the resid-
ual Cr(VI) was carried out by molecular absorption spec-
trophotometry (UV-Vis) using 1.5-diphenylcarbazide as
chromogenic agent. The determination of Zn(II) and Cr(VI)
followed the procedure described in Eaton et al. (2005).

The effect of pH on the biosorption of Zn(Il) and Cr(VI)
was evaluated for values between 2.5 and 6.0 under orbital
shaking condition (120 rpm) during 24 h. Each flask con-
tained 20 g/L of biomass and 50 ml of the stock solution
(Zn(IT) or Cr(VI)). After 24 h, the volume is the flask was
filtered and the residual concentration of the metal was
determined. The effect of the concentration of biosorbent
was evaluated for values between 0 and 40 g/L. The stock
solution Zn(II) at pH 5.0 or Cr(VI) at pH 2.5. The point of
zero charge (PZC) was determined using the method of
Oliveira and co-authors (Oliveira et al. 2008), adapted from
Valdes and co-authors (Valdes et al. 2002), based on the
pH curve as a function of mass.

All the analytical determinations were based on Stan-
dard Methods for the Examination of Water and Wastew-
ater (Eaton et al. 2005). All necessary care with the
preparation of solutions and handling of the fungus were
taken according to the standard operating procedure
established in the laboratory where the work was done.

Biosorption kinetics

The biosorption kinetics of Zn(Il) and Cr(VI) were deter-
mined in two batch experiments comprised of 20 flasks.
Each flask contained 10 or 20 mg of biosorbent, and 50 ml
of the stock solution Zn(II) at pH 5.0 or Cr(VI) at pH 2.5.
The tests were performed under orbital shaking condition
(120 rpm) during a time ranging from 10 to 1440 min. The
results of the tests were evaluated based on a pseudo-first-
order model (Eq. 3) and a pseudo-second-order model
(Eq. 4) (Shek et al. 2009).

log(Q. — Q1) = log Q. — (K;/2.303)¢ (3)
1/Qu=1/K20¢ + (1/Qe)1 (4)
where, Q. is the adsorbate concentration in dry biomass at
equilibrium (mg/g); O is the adsorbate concentration in dry
biomass at time “s” (mg/g); K; is the rate constant of

pseudo-first-order reactions (minfl) and K, is the rate
constant of pseudo-second-order reactions (g/mg min).

Adsorption isotherms

The adsorption isotherms were generated based on the
results of adsorption capacity (Q.) and equilibrium

concentration of adsorbent (C,). The tests were performed
in batch experiments, where the flasks contained 50 ml of a
solution of Zn (II) or Cr(VI) with concentrations ranging
between 10 and 1000 mg/L. The biosorbent mass was 20 g
for the tests with zinc and 10 g for the tests with chromium.
The flasks were sealed with hydrophobic cotton and incu-
bated at 28 °C for 1440 min under orbital shaking
(120 rpm). The equilibrium adsorption isotherms were
described using the classical models of Langmuir (Eq. 5)
and Freundlich (Eq. 6) (Ruthven 1984; Cooney 1999).

1/Qe = I/Qmax + 1/meaxCe (5)
log Q. = log P+ (1/n)log C. (6)

where Q.x 1S the maximum adsorption capacity of the
adsorbent for metal (mg/g), b is the affinity of the adsor-
bent by the metal (L/mg), P is an indicator of the adsorp-
tion capacity of the adsorbent (L/mg) and n is a constant
related to the strength of adsorption (Bingol et al. 2009).

The determination of the models that best fit the
experimental data of Cr(VI) and Zn(Il) biosorption were
based on the normalized percent deviation (P) (Crisafully
et al. 2008). The main characteristics of Languir isotherm
can be described by the dimensionless separation factor, or
the equilibrium parameter, that is expressed by Eq. (7)
(Bingol et al. 2009).

Ry =1/(1+b%C,) (7)

where R, is the separation factor, b is the Langmuir con-
stant (L mg_l), and C, is the initial concentration
(mg L~") R, indicates the adsorption process to be either
favourable (0 < R; < 1), favourable (R, > 1), linear
(R, = 1) or irreversible (R, < 0) (Bingol et al. 2009;
Chowdhury et al. 2011).

Results and discussion
FTIR spectroscopy of the adsorption site

The infrared spectra of the A. niger biomass, before and
after the biosorption of the Cr(VI) and Zn(II), are shown in
Fig. 1. The bands in the spectra were assigned to different
functional groups and bonds based on their respective
wavelengths (Mungasavalli et al. 2007; Pandey et al. 2008,
2009; Sun et al. 2009; Amini et al. 2009; Akar et al. 2009).
The classification of the functional groups according to
their characteristic wavelength is presented in Table 1.
The band at 3406 cm™' represents the asymmetric
stretching of the NH, groups (Bai and Abraham 2002;
Aftab et al. 2013), which are present in proteins and chitin
contained in ketamines fractions in the cell wall of fungi
(Bai and Abraham 2002; Fischer et al. 2006; Sun et al.
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Fig. 1 The infrared spectra, in KBr pastille, of the A. niger biomass,
before and after the biosorption of the Cr(VI) and Zn(II)

Table 1 Adsorption sites in the infrared region for the A. niger
biomass

Wavelength (em™") Functional groups

3406 Group -NH and hydroxyl groups OH
2927 Group C-H aliphatic

2135 Group C=C

1647 v of -C=0 of primary amide

1558 d of —-NH of secondary amide

1406 8 of C-H of methyl

1080 Orthophosphate (PO4>7)

1035 Orthophosphate (PO4>7)

601 & of N-H out of plane

v and 9 stand for stretching and angular deformation, respectively

2009), and have been identified as functional groups that
may be involved in the biosorption of Cr(VI) (Park et al.
2005; Lameiras et al. 2008). The curve at the bottom of this
band indicates the presence of hydroxyl (-OH) groups,
which are also present in ketamines of the fungal cell wall,
as well as in glucose molecules (Bai and Abraham 2002;
Fischer et al. 2006; Sun et al. 2009). Mungasavalli et al.
(2007) had also observed bands in this region in their
studies on A. niger biomass for the biosorption of chro-
mium. These authors observed that the stretching of the OH
group also occurs due to the presence of carboxylic acids (-
COOH), which can be identified from very broad bands in
the range of 3430-3400 cm ™.

The band at 2925 cm ™' represents CH stretching in the
carboxyl groups of aliphatic compounds (Saygideger et al.
2005). The band at 2135 cm™! is characteristic of C=C
groups in alkynes (Dudley and Fleming 1995).

Other major bands at 1647 and 1558 cm™' were also
identified, representing primary and secondary amides,
respectively; and at 3406 cm ™' for the amine stretching —
NH and hydroxyl group (-OH). All the functional groups
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corresponding to these bands were responsible for the
sequestration of different metals by the biomass (Mun-
gasavalli et al. 2007). The weak-intensity band observed at
1406 cm ™" was identified as symmetric deformation band
of a carboxylate anion (-COO-). The band at the wave-
length of 2368 cm™' is characteristic of the presence of
CO,. This band was not taken into consideration in this
study because it is associated with sample contamination
due to CO, in the environment.

Phosphate (-PO,*7) is identified in the spectrum of
absorption bands at 1080 and 1035 cm™' (Mungasavalli
et al. 2007). These groups are present mainly in glyco-
proteins of the cell membrane of fungi and are important
for the biosorption of cations, since they exhibit a negative
charge at a pH above 3 (Sanghi et al. 2009).

The functional groups like amides (—NH,), phosphate
(PO43 7), carboxyl (—-COOH), and hydroxyl (-OH) are
responsible for the sequestration of metals, such as Cr, Th,
Mo, V, Ni, by fungal biomass (Tobin et al. 1984). Another
band at 601 cm ™" in the spectrum indicates the presence of
amines and amides, and represents the angular deformation
of the NH bond out of plane. The region between 700 and
900 cm ™! is regarded as the fingerprint zone of microor-
ganisms (Fischer et al. 2000).

The presence of all these absorption bands confirms the
ability of the fungus in removing metals from solution,
since the metal ions in solution bind to these functional
groups, either through complex formation or electrostatic
attraction. Amine groups are mainly responsible for the
removal of Cr(VI) as chromate, predominantly in the forms
of Cr20727, HCrO*~, and Cr2047, from acidic solutions
(Bai and Abraham 2002; Mungasavalli et al. 2007;
Congeevaram et al. 2007). The negatively charged chro-
mate ion is electrostatically attracted to the positively
charged protonated amine present in the cell wall of A.
niger. However, metal cations are removed primarily by
carboxyl and hydroxyl groups (Deepa et al. 2006).

The presence of amine, carboxyl, and phosphate groups
suggests that the biosorbent is composed primarily of chitin
and glucan. The cell wall of the fungus can be considered as a
mosaic of different functional groups that act as coordination
complexes in the presence of metal ions (Sanghi et al. 2009).

Comparing the FTIR spectra before and after biosorp-
tion of Zn(Il) and Cr(VI) (Fig. 1), it can be observed a
decrease in intensity of all absorption bands. The effect of
the biosorption was more intense at 3406, 1647, 1080 and
1035 cm ™', identified as hydroxyl, amines, carboxyl and
phosphates groups, respectively. It has been reported that
the hydroxyl groups are primary involved in the biosorp-
tion of metal cations, such as Zn(II). These functional
groups have negative charges that interact with the positive
charges of the metal ion, promoting biomass-metal bond
(Pandey et al. 2008; Amini et al.,2009).
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Bands in the low wavelength region (<800 cm™") were
identified in the biomass spectra after biosorption of Zn(II).
According to Akar et al. (2009), rounded bands in this
region can be attributable to the interaction of Zn(II) and
nitrogen-containing bioligands. There is a substantial
decrease in the intensity of the bands in 1647 cm™ ! (amide)
and 3406 cm™ ' (v NH amine) after biosorption of Cr(VI)
by biomass, which is an indication that these groups may
be responsible for the biosorption of chromate ions in the
biomass (Bai and Abraham 2002).

Morphological characterization of biomass
by scanning electron microscopy

The surface morphology of the fungal pellet is shown in the
scanning electron micrograph in Fig. 2. The pellets of A.
niger have long hyphae and abundant fibrous surface
structures. On the basis of the arrangement of hyphae, it is
possible to infer that the pellets have avoided and hetero-
geneous morphology, which can thus facilitate the diffu-
sion of substrates (Papagianni 2004). This is because the
tangles formed by the hyphae create empty spaces within
the pellet and increase its specific surface area (Bayra-
moglu and Arica 2008). These surface properties can be
considered as the core factors responsible for the metal ions
removal. Similar morphological characteristics were also
observed in other fungi such as Penicillium chrysogenum
and Lentinos edodes. In studies on metal ions removal
using the mycelia of A. niger, Amini et al. (2008) observed
that the inner surface of the mycelium appeared to have
multi-layered walls, which was not observed in the
micrographs obtained in our study (Fig. 3).

20 kV. 500X. 20 um

.20 pm

Fig. 3 Scanning electron micrograph of the surface of the A. niger
pellets at x500. The scanning was performed at an electron velocity
of 20 kV after the biosorption of zinc

Figure 3 shows the micrograph of a pellet of A. niger
after contact with a solution of 50 mg/L of Zn(II) at pH 5.0.
A comparison of the micrographs obtained before the
biosorption of zinc (Fig.2) and after the experiment
(Fig. 3) reveals an increase in the thickness of the hyphae
and a deformation on the surface. This phenomenon
occurred probably due to the binding of Zn(I) to the
functional groups on the biomass, such as carboxyl and
hydroxyl ions, which were identified by performing infra-
red spectroscopy. Moreover, the experiment was carried
out at pH 5, which induces a negative charge on the surface

20 kV. 2000X. 20 pm

Fig. 2 Scanning electron micrographs showing the surface morphology of the pellets; the scanning was performed at an electron velocity of

20 kV. a x500 magnification and b x2000 magnification
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of the biomass, facilitating the biosorption capacity of the
metal cations.

Adsorption tests of the ions Cr(VI) and Zn(II)
The effect of pH

Figure 4 shows the results of the effect of pH on the
removal of Zn(I) and Cr(VI) by the dead biomass of A.
niger. Changes in pH of the solution showed significant
differences on the biosorption of the metals. The removal
efficiency of Zn(Il) increased with the pH until 5.0,
achieving 24.9 %. At pH >5, Zn biosorption percentage
decreased by 18 %, probably due to precipitation of the
metal species in the salt form or metal species for hydration
at alkaline pH (Fan et al. 2008). According to Carrott et al.
(1996), at pH values below 7.0 there are the two kinds of
zinc ion: Zn(II) that predominates and Zn(OH)" in small
quantities. Therefore, in this work, the optimum pH for
removal of zinc was the predominant species Zn(II). The
pH increase caused a decrease in the removal efficiency of
Cr(VI), and the optimum value was 2.5, achieving 98.7 %.
For pH values between 2.0 and 6.0, the predominant spe-
cies of chromium are HCrO* and Cr,O,>". According to
Bingol et al. (2009), the ionic species HCrO*~ is pre-
dominant in values ranging from pH 2.0 to 4.0. These ions
are converted to Cr,O,°~ at increasing pH until values
around 8.0; and from this point, the Cr042_ prevails. At pH
values below 2.0 the polymerized species of chromium
oxides are formed (Cr;O 1027 and Cr,O 1327) (Karthikeyan
et al. 2005; Kumar et al. 2008).

PZC is defined as the pH in which the surface of the
fungal biomass has a neutral charge and remains constant
independent of initial pH, behaving as a buffer. In this work,
the convergence curves of pH as a function of the mass
indicates that the PZC values are between 4.4 and 4.6

120

100 1 —e— Zn(Il)
—a— Cr(VI)

80

60

% Removal

40

20

2.0

Fig. 4 Effect of pH on the biosorption of Zn (II) and Cr(VI) using the
dead biomass of A. niger. Initial metal concentration: Zn(II) 50 mg/L,
Cr(VI) 50 mg/L. The tests were carried out using 20 g/L of adsorbent,
during 24 h, at 28 + 2 °C
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(Fig. 5). The removal of metal ions depends on the charge on
the surface of the adsorbent. The surface charge is neutral in
the PZC and ion adsorption is minimal. For pH values below
the PZC, the surface is positively charged and anion
adsorption takes place by electrostatic attraction. Above the
PZC, the surface is negatively charged and the cations are
removed from the reaction solution as they are adsorbed
onto the surface of the biomass. The pH optimum for the
removal of Zn(Il), 5.0, by dead biomass of A. niger, found in
this work are close to those found by Sag et al. (1998) who
studied the removal of Zn(II) by dead biomass of Rhizopus
arrhizus and found optimum pH between 4.0 and 5.0.

The PZC study shows that at pH 5.0 the surface of the
biomass is negatively charged and promotes the adsorption
of Zn(Il). At pH 6.0 the percentage removal of Zn (II)
decreases to 18 % (Fig. 4). Javaid et al. (2011) also
observed that at pH higher than 5, the biosorption of Zn(II)
by fungal biomass decreased. This is probably due to the
precipitation of metal species in salt form or to the
hydration of the metal species at alkaline pH (Fan et al.
2008). At very low pH (<2.0), with a positive surface
charge, metal cations and protons compete for binding
sites, thus reducing the biosorption capacity of Zn(II)
(Fig. 4) (Sari and Tuzen 2009). Yun-Guo et al. (2006)
emphasize the existence of competition between H and
the metal cation for the adsorption site.

According to Fig. 5, at pH 2.5 the surface is positively
charged and adsorption of anionic species occurs. How-
ever, in this work, the biosorption tests with Cr(VI) were
carried out in solutions with pH ranging from 2.5 to 6.0 to
avoid the formation of H,CrO,4. At pH below 2.0 the pre-
dominant form is the molecular (H,CrO,) and Cr(VI) will
be adsorbed as anion. The interaction will initially take
place between the oppositely charged sites of the biosor-
bent with the species in solution. And at pH above 6, the
overall surface charge of the biomass becomes increasingly
negative, which will hinder the biosorption of anions in the

12
10 —o— Initial pH =3
8 —e— Initial pH=6

—a— Initial pH = 11

&

0.0 015 1.0
Mass of Adsorbent (g)

Fig. 5 Experimental curve for determination of the point of zero
charge
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active sites on the surface of the biomass due to competi-
tion with the OH™ ions (Gupta and Babu 2009). Therefore,
it is more likely that HCrO,  ionic species has been
preferentially adsorbed by the biomass. Javaid et al. (2011)
found the same optimum pH (2.5) for removal of Cr(VI)
using Pleurotus ostreatus biomass.

The effect of the adsorbent concentration

Figure 6 shows the removal efficiency of Zn(II) and Cr(VI)
as a function of the adsorbent concentration. It was
observed that higher removals of Zn(Il) (36 %) and Cr(VI)
(99.1 %) were achieved using 20 and 10 g adsorbent/L,
respectively. Higher concentrations did not caused any
increase in the removal efficiency, indicating saturation of
the adsorption sites in the biomass. Better performance in
metals removal at a higher biomass dosage is attributed to
the higher number of available adsorption sites. But this
phenomenon only occurs until a threshold point in the
adsorbance rate curve, from where it starts declining with
increasing biosorbent concentration. This is because the
fungal biomass became swelled up and, at high concen-
tration, the biomass active sites became very close to each
other, causing an electrostatic interaction among these
sites, which generates a shield, known as “shell effect”,
that hinders further occupation by the metal ions. The same
phenomenon was observed by Romera et al. (2007) and Al-
Homaidan et al. (2014). Therefore, the amount of adsorbent
significantly influenced the extent of metals biosorption.

Adsorption Kinetics
The effect of the contact time
In the biosorption systems, the time required for reaching

equilibrium is a function of several factors such as number
and types of functional groups involved in biosorption, size

100 4 — N ’e ———a
80

T‘; 60 —a— Cr(IV)

g —e— Zn(II)
&2 401

X

20

0 T T T 1

0 10 20 30 40

Adsorbent concentration (g/L)

Fig. 6 Effect of the amount of dead biomass on the biosorption of Zn
(II) and Cr(VI) using dead biomass of A niger. Conditions: Zn (II)
50 mg/L, pH 5.0, 24 h, 28 £ 2 °C and Cr (VI) 50 mg/L, pH 2.5,
24 h,28 £2°C

100 -
—a— Zn(II)
—e— Cr(1V)
80
S 601
]
£
[}
&z 40 A
X
20
0 hd T T 1
0 500 1000 1500
Time (min)

Fig. 7 Effect of contact time on the biosorption of Zn(II) e Cr(VI)
using dead biomass of A. niger. Conditions: Zn(II) 50 mg/L,
Chiomass = 20 g/L, pH 5.0, 24 h, 28 + 2 °C and Cr(VI) 50 mg/L,
Chiomass = 10 g/L, pH 2.5, 24 h, 28 + 2 °C

and shape of the particles, biomass condition (live or dead),
as well as the metal ion to be adsorbed (Wang and Qin
2006).

Figure 7 shows the removal efficiency of Zn(II) and
Cr(VI) as a function of the contact time. Most of the
adsorption occurred within the first 10 min of contact and
equilibrium was reached after 180 min of the experiment.
The high adsorption rate observed at the beginning of the
experiment can be explained by the higher availability of
empty active sites that are able to adsorb metal ions.
However, it was not possible to distinguish which type of
mechanism (physisorption or chemisorption) was prevalent
at the very beginning of the experiment, i.e. within the first
10 min, as no samples were taken during this period.
Therefore, only the data obtained after 10 min will be
considered for discussion on the effect of the contact time.
After this rapid step, the biosorption occurred slowly,
especially in the outer surface layer of the biosorbent (Chen
et al. 2005). With the gradual occupation of these sites the
adsorption rate decreases along the experimental time.

Kinetic models

Table 2 shows the values of biosorption capacity (Q),
reaction rate constant (k) and correlation coefficients (R2)
obtained by the linear regression of the experimental data,
using the pseudo-first-order and the pseudo-second-order
models. It can be observed that the values of biosorption
capacity for the pseudo-first-order model (Q;) and for the
pseudo-second-order model (Q,) are consistent with the
experimental values of biosorption capacity (Qexp). The
curve of contact time of the ions is shown in Fig. 7 and it
indicates that there are two phases: the first, very quick,
which was not possible to classify according to the involved
forces, followed by chemical adsorption represented by the
slow phase. Jinshao et al. (2010) observed that biosorption of
Cr(VI) using microbial biomass also occurred in two steps,
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Tabel 2 Kinetics parameters of the adsorption of Zn(II) and Cr(VI)
by Aspergillus niger biomass

Kinects models Parameter Metal ion
Zn(II) Cr(VID)
Experimental Cyp (mg/L) 50.00 50.00
Qexp (mg/g) 0.6753 0.4346
Fist-order kinetic model K, (min™") 0.0011  0.0009
0; (mg/g) 0.6212 0.4326
R? 0.7448  0.9510
P 3.204 1.198
Second-order kinetic model K, (g/mg.min) 0.3996 5.5250
Q, (mg/g) 0.6661 0.4314
R’ 0.9999  0.9988
P 2.470 9.600

quick phase followed by a slow phase. The physical mech-
anisms involve weaker forces such as the electrostatic for-
ces, while the chemical mechanisms involve reactions that
share electrons through valence forces or ion exchange
between adsorbent and adsorbate (Rangabhashiyam and
Selvaraju 2015; Mohan et al. 2006).

The determination of the model that best fits the
experimental data of Cr(VI) e Zn(I) biosorption was based
on the normalized percent deviation (P), given by Eq. (8)
(Kapoor and Yang 1989; Ncibi 2008; Crisafully et al.
2008). The main advantage of this error function is the
minimization of the fractional error distribution throughout
the studied biosorbent concentration range (Kapoor and
Yang 1989; Ncibi 2008). According Ayranci and Hoda
(2005), a model fits the experimental data when the value
of P is <5, and the smaller the P value, the better the fit of
the calculated results to the experimental data.

P= IOO/NZ(/Qexp - Qm//Qexp) (8)

where P is the normalized percent deviation (%), Q. and
Q,, are the experimental and modelled biosorption capac-
ities, respectively, and N is the number of observations.

Fig. 8 Comparison of 807 A
experimental adsorption

isotherms using the Langmuir

and Frendlich models: a 60 -
biosorption of Zn(II) by dead
biomass of A. niger

o0
(Conditions: Cpiomass = 20 /L, g 40 -
pH 5.0 and 28 °C. b Biosorption =
of Cr(VI) by dead biomass of A. o
niger (Conditions: 20 -
Cbiomass =10 g/L, pH 2.5 and
28 °C)

0

—e— Experiment

—— Langmuir
—&— Freundlich

The kinetic parameters obtained from experimental
(Qexp) and modeled data (Q; and O,) and the normalized
percent deviations are shown in Table 2. The of pseudo-
second-order model for biosorption of Cr(VI) and Zn (II)
show better correlation coefficient (R?) than pseudo-first-
order models. However, using the normalized percent
deviations for the error evaluation, we found that the
kinetics of the pseudo-second-order model (Q,) is more
adapted to the biosorption of Zn(Il), while the pseudo-
model first-order model (Q;) is more suitable for Cr(VI).
The results obtained for Cr(VI) are contradictory with the
majority of the investigations, i.e. the kinetics of the
pseudo-second-order is that best describes the biosorption
process of this metal (Mungasavalli et al. 2007; Khambhaty
et al. 2009).

The experimental Q and P values (Table 2) indicates
that the complete Cr(VI) biosorption process follows a
pseudo-first-order model, while the Zn(II) biosorption fol-
lows a pseudo-second-order model. However, according to
Shek et al. (2009), the reaction of pseudo-first-order
(Lagergren) is generally more suitable for early stages of
the adsorption process, i.e. the first 30 min of contact
between adsorbent and adsorbate, as physical processes
occur first. After this high adsorption rate, the pseudo-
second-order reaction (Freundlich) fits better, as chemical
reaction occurs slower. In this study, most of the metal ions
were rapidly adsorbed by the biomass within the first 10
min of contact, and then the remaining was absorbed
slowly until the end of the assay. Probably, the mechanism
of absorbance is a complex process including physical and
chemical forces, as proposed by (Khambhaty et al. 2009;
Liu and Shen 2008; Vilar et al. 2007).

Adsorption isotherms
Generally, the equilibrium is described by an isotherm
equation whose parameters express the surface properties

and affinity of the adsorbent at fixed pH and temperature
(Ghaedi et al. 2013). Figure 8a, b show the curves obtained

1B
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—&— Langmuir
—&— Freundlich
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Table 3 Freundlich and Langmuir parameters and correlation coef-
ficient (R?) for biosorption of Zn (II) and Cr(VI) by Aspergillus niger
biomass

Metal ion  Langmuir isotherm Freundlich isotherm
Qmax b R*® P 1/n R
(mg/g)  (L/mg) (L/mg)

Zn(II) 3.833 0.005 0.99 0.008 1.399  0.95

Cr(VI) 4.997 21.967 0.78  1.585 0.666  0.97

? Correlation coefficient

by the experimental adsorption isotherms of Zn (II) and
Cr(VI), respectively, using the isotherms model of Lang-
muir and Freundlich. Table 3 presents the Langmuir and
Freundlich constants (b and 1/n, respectively) obtained
from the isotherms, as well as the correlation coefficients
and the maximum biosorption capacity (Qmax) by the live
and dead biomass. The adsorption capacity (Qmax) Was
obtained by the Langmuir model: 3833 mg Zn(II)/g with
pH 5.0 after 24 h at 28 4+ 2 °C and 4.997 mg Cr(VI)/g
with pH 2.5 after 24 h at 28 £ 2 °C. When low concen-
trations of adsorbate (<50 mg/L) are used, the adsorption
of Zn (II) and Cr(VI) can be represented by both the
Langmuir isotherm model and the Freundlich model. At
adsorbate concentrations above 50 mg/L the Freundlich
model prevailed. This is an indication that adsorption
occurs at the surface of heterogeneous adsorption sites and
the sites with higher bond strength are occupied first (Davis
et al. 2003).

The isotherm of Zn(II) showed a sigmoidal shape and it
fits in the class of isotherm type S. This type of curve
shows low initial adsorption, and increases as the number
of adsorbed molecules increases. This phenomenon occurs
probably due to a cooperative adsorption between the
adsorbent molecules (Gilles et al. 1974). The experimental
isotherm of Cr(VI) was classified as L-4 by Giles et al.
(1974), representing a multilayer adsorption.

The dead biomass of A. niger had a higher affinity for
Cr(V]) than for Zn(IT) and values of correlation coefficients
reported in Table 3 for the adsorption of Zn (II) and Cr(VI)
by biomass are generally above of 0.90 indicating good
correlation of the data with the two isotherm models.
However, analysing the Fig. 8a, b, it is found that at con-
centrations lower than 50 mg/L is dominated by two iso-
therm models, and concentrations >50 mg/L, the
prevailing model Freundlich indicating that adsorption
occurs at the surface of heterogeneous adsorption sites and
the sites with higher bond strength are occupied first (Davis
et al. 2003). The R, values found for biosorption of Zinc
(IT) and Cr(VI) by the dead biomass of A. niger are all in
the range between 0 and 1. This is a indication that the
biosorption is favorable.

Biosorption capacity of fungal biomass varies according
to the different metals, fungus species and experimental
condition, e.g. pH, biomass concentration, metal concen-
tration and the use of a pre-treatment for enhancing bio-
mass surface ions (Fomina and Gadd 2014). Other types of
materials such as olive oil mill solids residues and potato
peels were used as biosorbent for removal of Zn(Il) and
Cr(VI) solutions, with adsorption capacity of 5.6 and
3.2 mg/g, respectively (Hawari et al. 2009; Mutongo et al.
2014), which are similar to the values found in this work.

Conclusions

The biosorption of Zn(II) and Cr(VI) in biomass of A. niger
was influenced by pH conditions and the initial concen-
tration of metal and biosorbent. The pH directly influences
the surface charge of the biosorbent. The Zn(I) showed
higher biosorption capacity at pH 5 in the form of Zn*™,
whereas Cr(VI) showed higher biosorption capacity at pH
2.5 as an anion. Optimal biosorbent dosages were 20 and
10 g/L for Zn(Il) and Cr(VI), respectively. The biosorption
kinetics of Cr(VI) follows the pseudo-first-order model,
whilst the kinetics of Zn(II) follows the pseudo-second-
order model. A biosorption is favoured by the fibrous
structure of the pellets surface, as well as the presence of
functional groups such as hydroxyl, carboxylic, phosphates
and amine. At biosorbent concentrations lower than 50 mg/
L, the biosorption curves of Zn(Il) and Cr(VI) fit to the
Langmuir and Freundlich isotherm models, whilst at higher
concentrations only the Freundlich model represents the
biosorption process. Therefore, the use of A. niger biomass
as biosorbent for removal of Zn(Il) and Cr(VI) in
wastewater is feasible.
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