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Abstract This study focuses on the reuse of waste biomass after biosorption. The effect of pH
on the removal of reactive blue 49 from solution by the waste biomass of Aspergillus
fumigatus, already used for humic acid biosorption, is studied for the first time in this paper.
It is shown that the optimal initial pH was 2.0. The biosorption equilibrium experiment
revealed that Langmuir isotherm fits well the biosorption equilibrium data. The theory
maximum biosorption capacity was 60.6 mg/g. Kinetic studies indicated that the biosorption
process followed the pseudo-second-order kinetics, and that chemisorption might be the rate-
limiting step that controlled the biosorption of dye. Thermodynamic studies revealed that the
biosorption was a spontaneous exothermic process and that an increased randomness occurred
at the solid-solution interface during the fixation of the reactive dyes onto the active sites of the
biosorbent. Through chemical modification experiments, it was found that the lipid extraction
process for reduction of biosorption capacity was the greatest (17.7 %) compared with the
respective 7.1 % and 6.9 % reductions by carboxyl and phosphate groups modified biomass
biosorption. This result combined with Fourier transform infrared (FTIR) studies could deduce
that lipid took part in the biosorption of reactive blue 49 and occupied a larger proportion
among all the biosorption sites. In addition, carboxyl and phosphate groups were the main
biosorption functional groups. Thus, it can be proved that the biosorbents can be reused, and
still have a good adsorption performance for another adsorbate only if the main biosorption
sites in the biosorbent are different.
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1 Introduction

At present, an increasing number of hazardous compounds produced by industries such as
mining, metal plating, printing and dyeing, and painting, are being discharged into the water
environment. The contaminants come under two broad classes, viz. organic and inorganic.
Organic water pollutants include industrial solvents, volatile organic compounds, insecticides,
pesticides, dyes, etc. Biodegradation or photo-catalyzed degradation treatments are removal
processes for some organic compounds (Karthikeyana et al. 2012; Gupta et al. 2011; Saleh and
Gupta 2012b), but their non-degradable byproducts may also be hazardous, and can cause
health problems through several channels, such as bioaccumulation (Aksu 2005). Inorganic
water pollutants include metals, radioactive substances, fertilizers and acidity (Vijayaraghavan
and Yun 2008). Although most are detoxified by physical, chemical and biological treatments
before released into the environment, there are still disadvantages in these treatments. For
example, the treatment processes for metal and radioactive contaminated waste streams include
chemical precipitation (Saleh and Gupta 2012a, b), membrane filtration, ion exchange, carbon
adsorption (Gupta et al. 1998) and coprecipitation/adsorption. However, these processes
usually require expensive facilities and have high maintenance costs (Chuah et al. 2005).

As a result, biosorption is becoming a promising alternative to replace or supplement the
present removal processes of pollutants from wastewaters. Among these pollutants, heavy
metals (Farooq et al. 2010; Gupta et al. 2015; Jain et al. 2016), radioactive substances (Bustard
et al. 1997), dyes (Hachi et al. 2016), phenolics and pesticides (Aksu 2005), and humic
substances (Marija et al. 2008) have been of great concern recently because of their extreme
toxicity and/or persistence in the environment. Biosorption of these types of hazardous
pollutants by selected live or dead microoganisms, even waste materials, has been investigated
by various researchers (e.g., Mittal et al. 2005; Gupta and Nayak 2012; Mittal et al. 2010).

However, the used biosorbents are unavoidably treated as solid waste after several
biosorption-desorption cycles, and maximizing reuse of these used biosorbents should be
given increased attention. Researches show that many functional groups, such as carboxyl,
amino, phosphate and sulfonate, in biomass may contribute to the binding of contaminants (Fu
and Viraraghavan 2002). These biosorption sites in the same biosorbent may be different for
different biosorbates. As a result, the biosorbents after biosorption of one contaminant may be
reused and still have a good biosorption ability of another contaminant, which is a new idea to
maximize reuse of biosorbent. In this way, different water treatment departments using the
same adsorption process can form an adsorbent recycling chain. Thus, a circular economy is
formed among different industries. It is of great significance to promote clean production and
circular economy all over the world.

In our previous study, Aspergillus fumigatus mycelial pellets were used to adsorb humus
(Wang et al. 2013). The study showed that the biomass had a good ability of removal of
humus. In this study, the mycelial pellets after biosorption of humic acid were used
directly to adsorb reactive blue 49 dye. The biosorption ability, biosorption equilibri-
um, kinetics, thermodynamics and biosorption sites were examined. The purpose of
this study is to prove that biosorbents can be reused, and still have a good adsorption
performance for a different adsorbate.
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2 Materials and Methods
2.1 Dye and Humic Acid

The anthraquinone dye, C.I. reactive blue 49 (CAS No., 12,236-92-9) (Fig. 1) is an industrial
product and was used in the study.

Humic acid, analytical pure, was purchased from Shanghai Huajing bio-hightech Ltd.
(Shanghai, China).

2.2 Preparation of Biosorbent

The biosorbent was reused biomass of Aspergillus fumigatus after use in biosorption of humic
acid. The preparation method was as follows in this study: The Aspergillus fumigatus mycelial
pellets were harvested after cultured for 72 h in liquid culture medium (Wang and Hu 2007) in
conical flasks, and then dried by twist and with filter paper. The dried mycelial pellets were
placed in 50 mL of humic acid solution for biosorption in conical flasks on a rotary shaker
adjusted at 150 rpm, at biosorption condition of pH 2, temperature of 30 °C, dosage of 2 g/L
and humic acid concentration of 25 mg/L. Then, the mycelial pellets adsorbed humic acid were
dried in an oven at 60 °C for 12 h. The dried biomass was grinded and sieved through 100
mesh. The powder below the 100 mesh was used as biosorbent.

2.3 Preparation of Humic Acid Solution

Humic acid (analytical pure, purchased from Shanghai Huajing bio-hightech Ltd., Shanghai, China)
was dissolved by NaOH solution at pH 11.0 in order to accelerate dissolution. The supernatant
liquid was prepared as a store humic acid solution after filtered through 0.45 um membrane filters.
2.4 Biosorption Experiments

2.4.1 Effect of Initial pH

The 0.10 g of powder biosorbent was placed in 25 mL reactive blue 49 solution in conical
flasks on a rotary shaker adjusted at 150 rpm, 30 °C at dye concentration of 25 mg/L and initial

pH range of 2.0 to 11.0 for 1 h. Then, the mixture solution was centrifuged at 3000 rpm for
5 min. The absorbance of supernatant was measured at A, 595 nm.

Fig. 1 Chemical structure of
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2.4.2 Biosorption Kinetics Experiments

The 25 mL reactive blue 49 solution at different concentrations of 56.8 mg/L, 75.3 mg/L,
102 mg/L, 150.9 mg/L and 200.4 mg/L in conical flasks was adjusted to pH 2.0. Then, 0.10 g
of powder biosorbent was placed in the dye solutions on a rotary shaker adjusted at 150 rpm,
30 °C, respectively. The liquid samples (10 mL) were taken out at a given time interval for
centrifugation at 3000 rpm for 5 min. The absorbance of supernatant was measured at 595 nm.

2.4.3 Thermodynamics Biosorption Experiments

0.10 g of powder biosorbent was placed in 25 mL reactive blue 49 solution in conical flasks on
a rotary shaker adjusted at 150 rpm, temperature ranging from 20 °C to 50 °C at dye
concentration of 500 mg/L and initial pH 2.0 for 2 h to reach biosorption equilibrium,
respectively. Then, the liquid samples (10 mL) were taken out for centrifugation at
3000 rpm for 5 min. The absorbance of supernatant was measured at 595 nm.

2.4.4 Chemical Modification of Biosorbent

Chemical modification of carboxyl: Two g of biosorbent and 1.2 mL of concentrated hydro-
chloric acid was added to 130 mL of methanol in turn. The mixture was agitated on a rotating
shaker at 125 rpm, 22 °C for 6 h. Esterification reaction took place in carboxylic of biosorbent
in the process, as follows:

RCOOH + CH30H > RCOOCH; + H,0 (1)

Chemical modification of amino: One gram of biosorbent was added to mixture solution
containing of 20 mL formaldehyde and 40 mL formic acid. The mixture was agitated on a
rotating shaker at 125 rpm, 22 °C for 6 h. Methylation reaction took place in amino of
biosorbent in the process, as follows:

RCHLNH, "5 CN per,N(CHy), + €Oy + Hy0 (2)

Chemical modification of phosphate group: One gram of biosorbent and 30 mL nitrometh-
ane were added to 40 mL triethyl phosphate in turn. After mixing, the mixture was evaporated
and refluxed in a water bath pan at temperature range from 80 °C to 90 °C for 6 h.
Esterification reaction took place in phosphate of biosorbent in the process.

Lipid Extract One gram of biosorbent was added to 75 mL of acetone, and then the mixture
was evaporated and refluxed in a water bath pan at temperature range from 80 °C to 90 °C for 6 h.
2.5 Biosorption Comparison Experiments by Native and Modified Biosorbent

0.10 g of powder original and modified biosorbent were placed into 25 mL reactive blue 49
solution in conical flasks on a rotary shaker adjusted at 150 rpm, 30 °C, at dye concentration of

500 mg/L and initial pH 2.0 for 1 h to reach biosorption equilibrium, respectively. Then, the
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liquid samples (10 mL) were taken out for centrifugation at 3000 rpm for 5 min. The
absorbance of supernatant was measured at 595 nm. The functional group was analyzed by
the comparison of biosorption efficiency of native and modified biosorbent.

2.6 FTIR Spectrum of Native Biomass and Dye-Loaded Biomass

The biomass was separated from the broth by centrifugation after biosorption equlilibrium and
washed three times with distilled water. Then, the dye-loaded biomass was oven dried (65 °C
for 48 h) and grinded as FTIR sample of biosmass after biosorption. The infrared spectra of
powder of native and dye-loaded biomass samples were measured in a KBr pellet with a
Vector 33 Fourier transform infrared spectrometer (Bruker Company, Germany). The wave

number was set in the range of 4000 cm ™' to 450 cm ™.

2.7 Biosorption Capacity

The biosoption capacity (q) of the reactive blue 49 loading per unit weight of the biosorbent
expresses removal extent. The equation for calculation is as follows:

. = GGV )

m

where q, is the biosorption capacity at time t (mg/g), V is the volume of biosorption solution, m
is the mass of the dry biomass (g), and Cy and C; are concentrations of supernatant reactive
blue 49 solution before and after biosorption, respectively (mg/L). The values of Cy and C; can
be calculated by the reactive blue 49 standard curve equation as follows:

A = 0.0231C-0.014 (4)

where A is absorbance of reactive blue 49 solution, and C is the dye concentration.

3 Results and Discussion
3.1 Effect of Initial pH

Figure 2 shows the biosorption capacities of reactive blue 49 in initial pH range of 2.0 to 11.0. As
shown in Fig. 2, the biosorption capacities decreased with the increase of pH and the best removal
observed was 5.6 mg/g at pH 2.0. This indicates that the biosorption is favoured by low pH.
Nausheen et al. (2014) studied the removal of Drimarine Yellow HF-3GL dye by sugarcane
bagasse, and also observed that the best removal was at pH 2. The observations reveal that
electrostatic interaction may be the main mechanism for dye removal by the biosorbent. Reactive
blue 49 molecule is amphoteric (shown in Fig.1). The amino molecular structure can be expressed
as HsN"—R—S0;Na due to its protonation at low pH solution. As a result, it is positively charged
on the surface of the dye. The Zeta potential of mycelial pellets was measured —0.6 mV, which
indicates that the biomass is negatively charged due to negatively charged functional groups, such as
hydroxyl, carboxyl and phosphate groups. As a result, when the reactive blue 49 contacts with the
biosorbent in acid solution, they bind each other quickly by the electrostatic attraction.
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Fig. 2 Biosorption capacities of 6.0 -
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3.2 Biosorption Kinetics

In the aim of the investigation of the biosorption kinetics, the biosorption capacities of reactive
blue 49 were studied at various dye concentrations and for various contact times. The results
are shown in Fig. 3. As seen from Fig. 3, the tendency of biosorption capacity variation with
contact time at various dye concentrations is similar. That is, the biosorption capacities
increased quickly in the first 30 min, and then, they increased more slowly. The greater was
the initial dye concentration, the longer equilibrium time was reached. However, in all cases
equilibrium was reached within 2 h.

For a comprehensive study of biosorption kinetics characteristics, the most suitable dy-
namic model should be built. The pseudo-first-order and pseudo-second-order models were
used to test adsorption kinetics in this study.

The pseudo-first-order rate expression of Lagergren is given as (McKay and Ho 1999):

ky
2.303

log(q,—q,) = logq,~ t (5)

where q, (mg/g) is the amount of adsorbed dye on the adsorbent at time t, k; (min ) is the rate
constant of first-order adsorption, and g, is the equilibrium sorption uptake. As shown in
Table 1, q. and k; were determined from the intercept and slope of the plot of log(q.-q) versus

Fig. 3 The biosorption capacities
of reactive blue 49 at different dye
concentrations for different contact
time

——56.8 mg/L
——102 mg/L
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t, using the data before biosorption equilibrium in Fig. 3 (figure not shown). Table 1 shows that
the correlation coefficients are almost all below 0.99, which means that the pseudo-first-order
model cannot be used for describing the biosorption kinetics in this study.

The pseudo-second-order kinetic model (McKay and Ho 1999), in its integrated and
linearized form, has been used:

t 1 1
— =+t (6)
q: k2q£ qe
where k; is the rate constant of pseudo-second-order adsorption. As shown in Table 2, q. and
k, were determined from the slope and intercept of the plot of t/q, versus t, using the data
before biosorption equilibrium in Fig. 3 (figure not shown).

According to k,, the initial biosorption rate h (mg/(g-h) can be calculated as follows:

h=kq’ (7)

Table 2 shows that the correlation coefficients are all higher than 0.998. The equilibrium
biosorption capacities, q., as calculated by the pseudo-second-order kinetic model, increased
with the increase of initial dye concentration. The values of the calculated g, are close to those
determined by the experiments. Therefore, it can be concluded that the pseudo-second-order
model is suitable to describe the biosorption kinetics of the dyes onto the biosorbent, and that
chemisorption might be the rate-limiting step that controls the biosorption of reactive blue 49 (Akkaya
and Giizel 2014; Aksu and Cagatay 2006). The values of h are between 14 and 30 mg/(g'min).

3.3 Biosorption Isotherms

Adsorption isotherms can provide information about the optimum use of adsorbents. In this
study, the equilibrium data obtained for adsorption were analyzed by using the Freundlich and
Langmuir isotherm models. The applicability of the isotherm equations in biosorption was
evaluated by using the correlation coefficients, R?.

The Freundlich isotherm is an empirical equation based on adsorption on a heterogeneous
surface or surfaces supporting varied affinities (Akkaya and Giizel 2014). The linear form of
the Freundlich equation is given as:

1
logg, = logK r + (7) logC., (8)
n

Table 1 The pseudo-first-order kinetics model coefficients (k; and q.), and the correlation coefficient R?

Cp (mg/L) Linear equation k;(g/(mg'min)) qe(mg/g) R?

56.8 y =—0.058x + 0.587 0.134 3.87 0.997
753 y =-0.023x + 0.438 0.052 2.74 0.910
102 y =-0.012x + 0.739 0.028 548 0.974
150.9 y =-0.0086x + 0.951 0.020 8.92 0.957
200.4 y =-0.0115X + 1.105 0.026 12.75 0.946
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Table 2 The pseudo-second-order kinetics model coefficients (k, and q.), initial biosorption rate, and the
correlation coefficient R*

Co (mg/L) Linear equation k, (g/(mg'min)) qe (Mmg/g) h (mg/(g'min)) R?
56.8 y =0.0733x + 0.067 0.08 13.64 14.90 1
753 y = 0.0546x + 0.033 0.09 18.32 30.12 1

102 y = 0.0404% + 0.063 0.03 24.75 15.77 0.999
150.9 y = 0.0276x + 0.068 0.01 36.23 14.75 0.998
200.4 y = 0.0228% + 0.059 0.01 43.86 17.92 0.999

where (. is the equilibrium adsorption capacity (mg/g), C. is the equilibrium dye concentration
(mg/L), Kf is the Freundlich adsorption constant related to adsorption capacity of the
adsorbent (L/g), and 1/n is the adsorption intensity. The values of Ky and 1/n were calculated
from the intercept and slope of the plot of log q. versus logC..

The Langmuir isotherm is based on the assumption that the adsorption process takes place
at specific homogeneous sites within the adsorbent surface, and that the adsorption process is
monolayer in nature (Akkaya and Giizel 2014).

The linear form of the Langmuir equation is given as:

1 11 1
= 4 9
9e  qub Ce gy ©)

In order to determine if the adsorption process is favorable or unfavorable, a dimensionless
constant separation factor Ry is used, defined by the following equation:

1

Rp———
L7150,

(10)

where b is the Langmuir isotherm constant (L/mg) and C, is the initial dye concentration
(mg/L). The Ry value indicates whether the type of isotherm is favorable (0 < Ry < 1),
unfavorable (Ry > 1), linear (R = 1), or irreversible (Ry = 0).

As shown in Fig. 4, the biosorption capacities increased with the increase of equilibrium
dye concentration. The fitted equation by Langmuir isotherm is as follows:

1 1
— =0.2059 —+0.0165 11
qe Ce ( )

The correlation coefficient R* was 0.982. The parameter b was 0.08 L/mg, and the theory
maximum biosorption capacity was 60.6 mg/g. As compared with biosorption of dyes by other
fungi, this maxiumum biosorption capacity is not high enough. For example, dye Reactive
orange 16 was adsorbed to a maximum of approximately 200 mg/g by Rhizopus arrhizus
biomass (O’Mahony et al. 2002). The maximum adsorption capacities at 20 °C were calculated
to be 160 mg/g for Reactive Blue 19, 122 mg/g for Reactive Red 241 and 137 mg/g for
Reactive Yellow 145 by dead macro fungi, namely Fomes fomentarius and Phellinus igniarius
(Zhang et al. 2003). However, the biosorption capacities are not simply comparable due to the
different types of dyes. The biosorption capacity is always different for different dyes even
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Fig. 4 The equilibrium biosorption capacities at different dye equilibrium concentrations

absorbed by the same biosorbent. Maurya et al. (2006) reported that Methylene Blue (MB)
was found to be more adsorbable than Rhodamine Blue (RB). Langmuir monolayer coverage
was determined as 204.38-232.73 mg/g and 25.12-36.82 mg/g for MB and RB, respectively.
Ry, varied from 0.0587 to 0.1803 according to the different initial dye concentrations, which
implies that the Langmuir isotherm is favorable.
The data was also fitted by Freundlich isotherm. The correlation coefficient R? was 0.942.
The fitted equation by Langmuir isotherm is as follows:

Ing, = 0.4803InC, + 2.098 (12)

Thus, the high correlation coefficient and Ry values suggest the applicability of the
Langmuir model, with the dyes getting adsorbed onto the biosorbent surface to form a
monolayer.

3.4 Biosorption Thermodynamics

Figure 5 shows that the biosorption capacity decreased with the increase of temperature. It
decreased by 18.18 mg/g for a temperature increase from 20 °C to 50 °C. At higher
temperatures, there is increased tendency of the dye molecules to escape from the biosorbent
surface into the solution phase, resulting in a decrease in adsorption with increase in temper-
ature. Decreased adsorption at higher temperature also suggests weak interaction between the

Fig. 5 The equilibrium 105 ¢
biosorption capacity at different
100
temperatures
) 95 -
on
E 90 ¢
Uc') 85 L
80 +
75 L Il L Il I}
10 20 30 40 50 60

tempreture/°C
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biosorbent and the dye molecules, which in turn further supports the physisorption mechanism
for dye adsorption (Gupta et al. 2014).

To further evaluate the adsorption process, the thermodynamic parameters were calculated
based on the data. The free energy change (AG®), enthalpy change (AH®), and entropy change
(AS®) for the adsorption process were calculated using the following equations (Wang et al.
2006; Feng et al. 2011).

AG® = —RTInK, (13)
CAe

K, = 14

c (14)

AG® = AH°-TAS° (15)

where K. is equilibrium constant, C,. is the absorbed dye concentration at equilbrium
(mg/L), C. is the residual dye concentration at equilibrium (mg/L), R is the gas constant
(8.314 J/mol'K), T is Kelvin temperature. The values of AS® and AH® can be obtained by the
slope and intercept of AG® vs T linear curve, respectively. Table 3 shows the values of the
thermodynamics parameters. As seen from Table 3, the thermodynamics parameters were all
negative. It can be concluded that the biosorption is exothermic. The negative AG® value
dictates a spontaneous process. The negative value of AS° reveals the increased randomness at
the solid-solution interface during the fixation of the reactive dyes onto the active sites of the
biosorbent (Gupta et al. 2014).

3.5 Chemical Modification of Biosorbent

In order to determine the main adsorption sites, chemical modification of biosorbent of the
carboxyl, amino, phosphate groups and lipids was conducted. The results, also presented in the
next section about infrared spectrum analysis, can reveal the role of microcomponents of
biomass on the interaction with reactive blue 49.

Figure 6 shows the difference of biosorption capacity of reactive blue 49 by native and
chemical modified biomass. It can be seen that the biosorption capacities of chemical modified
biomass were all decreased except of amino chemical modification, which instead resulted to a
slight increase of biosorption capacity. The decrease of biosorption capacities may be due to
the reduction of the number of negatively charged sites on the biomass surface after esterifi-
cation reaction or acetone treatment (Drake et al. 1996). This reduction could, therefore, reduce
the electrostatic attraction of positively charged dye carrying the protonation of amino.

Table 3 Thermodynamics

parameters (R = 0.8599) Temperature (K)  AG (kJ/mol)  AH (kJ/mol)  AS (kJ/(mol/K))
293.15 -3.24
298.15 -2.48
303.15 -2.26 -16.456 -0.0462
313.15 -1.96
323.15 -1.66
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Figure 6 also shows that the lipid extraction process for reduction of biosorption capacity is
the greatest, which is 17.7 % compared with the respective 7.1 % and 6.9 % reductions
by carboxyl and phosphate groups modified biomass biosorption. This may be due to
the hydrophobic interaction between the lipid hydrocarbon chain and hydrophobic
groups of the dye molecules. It can also be concluded that lipids take part in the
biosorption of reactive blue 49 and occupy a larger proportion among all the

biosorption sites. In addition, carboxyl and phosphate groups are main biosorption
functional groups.

3.6 FTIR Spectrum of Native and Dye-Loaded Biomass

The FTIR spectra of native and dye-loaded biomass are presented in Figs. 7 and 8, respec-
tively. The spectrum of native biomass (Fig. 7) reveals the presence of carboxylic, amine, and
phosphate functional groups, as evident from the broad and strong peak at 3448.2 cm ' (—OH
of carboxylic groups and -NH of amine groups), the strong peak at 1654.7 cm ' (-C = O
stretch of carboxyl group and N-H bend of amines), and the peak at 1027.9 cm ! (P-OH stretch
of phosphate group) (Gupta et al. 2014; Won et al. 2006).

Fig. 7 FTIR spectrum of native 0r
biomass
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Fig. 8 FTIR spectrum of reactive 70
blue 49 dye-loaded biomass
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The comparison of FTIR spectra of dye-loaded biomass with that of native biomass reveals
that both peak shapes remained similar, and just some peaks drifted or some vibration intensity
weakened or strengthened. This demonstrates that the overall structure of the biosorbent after
biosorption is not damaged.

As seen from Figs. 7 and 8, the 3448.2 cm ™' peak shifts to 3450 cm ™' and the 1654.7 cm ™'
peak shifts to 1650 cm ! after biosorption of reactive blue 49, respectively, indicating the role
of carboxylic groups on biomass surface in the binding process. The apparent reduction of the
peak at 1027.9 cm ™' to 1020 cm ™' reflects the effect of phosphate group on the binding of
dyes. In summary, it can be concluded that the carboxylic and phosphate functional groups on
the biomass surface have played a great role in biosorption. This conclusion accords with the
previous chemical modification experimental result.

In addition, it seems that the amino group in Aspergillus fumigatus mycelial pellets was the
main group for binding humic acid, while hydroxyl and phosphate groups were involved in the
adsorption process in our previous study (Wang and Zhou 2014). This indicates that the main
biosorption sites are different for binding humic acid and reactive dyes, respectively. Thus, it
seems that the biosorbents can be reused and still have a good adsorption performance for
another adsorbate only if the main biosorption sites in the biosorbent are different for the
different adsorbates.

4 Conclusions
The following conclusions can be drawn from the study:

(1) Aspergillus fumigatus pellets, previously used in humic acid biosorption, can be reused
for dye removal in solutions. The theoretical maximum biosorption capacity was
60.6 mg/g. The acid solution environment is advantageous for biosorption, and the
optimal initial pH is 2.0.

(2) Langmuir isotherm fitted well with biosorption equilibrium data. The biosorption kinetics
can be described by pseudo-second-order model, and chemisorption may be the rate-
limiting step that controls the biosorption of reactive blue 49. The biosorption is a
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spontaneous exothermic process and an increased randomness occurs at the solid-
solution interface during the fixation of the reactive dyes onto the active sites of the
biosorbent.

(3) Lipids take part in the biosorption of reactive blue 49 and occupy a larger proportion
among all the biosorption sites. In addition, carboxyl and phosphate groups are the main
biosorption functional groups.
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