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Abstract

Lentinula edodes was investigated as a biosorbent for hexavalent chromium biosorption in this study. To examine the
optimum conditions of biosorption, the pH of the hexavalent chromium solution, biosorbent dosage, temperature, con-
tact time, and initial hexavalent chromium concentration were identified. Further, to clarify the biosorption mechanism
process, the isothermal, kinetic, and thermodynamic parameters were determined. The functional groups and surface
morphology of the biosorbent were identified using Fourier transform infrared spectrometry and scanning electron
microscopy in the absence and presence of hexavalent chromium, respectively. Based on the results, the maximum
biosorption capacity was determined as 194.57 mg g! under acidic conditions at 45 °C. From the kinetics studies, the
biosorption process was observed to follow the Freundlich isotherm and pseudo-second-order kinetic models well. Thus,
L. edodes as a biosorbent has potential usage for wastewater treatment owing to its effective biosorption capacity.
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1. Introduction

Pollution by heavy metal impurities is one of the ma-
jor problems of increasing industrial development.!? Chro-
mium is one of the common pollutants in nature and exists
in different oxidation states (-2 to +6) in the environment;
however, trivalent chromium (Cr3*) and hexavalent chro-
mium (Cr®") forms tend to be the most available and stable
oxidation states in water.? The hexavalent form of chromi-
um is more toxic than the trivalent form and is known as
a carcinogenic that causes liver damage, congestion in the
lungs, changes to the genetic code, and skin irritation.*
The most common sources of hexavalent chromium wastes
are industrial sectors such as textiles, metal finishing, leath-
er tanning, electroplating, cement, and steel.”8

The traditional processes used to remove hexavalent
chromium are electrochemical reduction, solvent extrac-
tion, electro dialysis, ion exchange, reverse osmosis, and
chemical precipitation. Owing to disadvantages such as
high cost and increased time consumption of these meth-
ods, new procedures have been developed. Biosorption is
one of the alternative methods for wastewater treatment
and is widely used in batch and continuous studies because

of its advantages such as low cost, reusability, and easy op-
eration, which are attractive benefits.>!0 Shells,'! leaves,'?
fungi,® bacteria,'® and yeast!* have been previously report-
ed as biosorbents for hexavalent chromium biosorption.

Lentinula edodes ranks second in the global mush-
room market and is commonly known as ¢ ‘shiitake mush-
room”!® it is- the most popular edible mushroom in Ja-
pan and China-, and its nutritional components enable L.
edodes to be used as traditional medicinal mushrooms in
eastern Asia. It grows in the deciduous forests of Asia un-
der warm and humid climatic conditions. The goal of this
study is to verify removal of hexavalent chromium from
water using L. edodes as a biosorbent. The effects of differ-
ent parameters on the biosorption process, reusability of
the biosorbent, and some physicochemical parameters are
optimized in this study.

2. Materials and Methods

2. 1. L. edodes Biosorbent Preparation

L. edodes was obtained from a commercial market
in Izmir (Turkey), washed twice with deionized water, and
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dehydrated at 30 °C. The dried fungus was then crushed
with a grinder after cutting into small pieces. The bio-
sorbent powder (90-120 pm size) was subsequently stored
in a glass jar for biosorption studies.

2. 2. Batch Biosorption Experiments

The stock solution of hexavalent chromium (1000 mg
L) was prepared by dissolving K,Cr,O; (Sigma-Aldrich)
in pure water and diluting in the range of 10-1000 mg L.
Approximately 0.01 g of the L. edodes biosorbent was used
in the biosorption processes with 25 mL total volume of
known hexavalent chromium solutions. To obtain the op-
timum pH in the range of 26, the solution was maintained
using 0.1 mol L™! NaOH and 0.1 mol L-! HCL. The impact
of temperature was examined via experiments performed
at 4, 25, and 45 °C. To optimize the contact time, the bio-
sorption process was conducted for 10-180 min. The bio-
sorbent was removed from the solution before analyzing
the remaining hexavalent chromium solution via centrif-
ugation for 10 min at 5000 rpm, and the supernatant was
analyzed according to the 1,5-diphenylcarbazide spectro-
photometric method at 540 nm (Perkin Elmer Lambda 35
UV/Vis Spectrometer).

The hexavalent chromium concentration at equilib-
rium can be determined according to Eq. 1 as follows:

— (Co —Ce) 4 (1)

e m

where ¢, is the amount of absorbed hexavalent chromium
ions (mg g™!), C, and C, are the initial and final concentra-
tions of hexavalent chromium (mg L™1), V is the total solu-
tion volume (mL), and m is the mass of the biosorbent (g).

Desorption percentages were calculated with 0.1 mol
L1 HNO; and 0.1 mol L~! HCI using the following equa-
tion:

% Desorption = gdi x 100 )

ads

where C,, is the amount of hexavalent chromium ions des-
orbed on the desorption medium and C, is the amount of
hexavalent chromium ions adsorbed onto the biosorbent.
The adsorbed biosorbents were shaken at 200 rpm on a
magnetic shaker at 25 °C for 24 h.

2. 3. Characterization of Biomass

Fourier transform infrared (FTIR) spectroscopy
(Perkin Elmer Spectrum BX FTIR System) and scanning
electron microscopy (SEM, ZEISS EVO 40) were used to
identify the binding sites and functional groups on the
fungal biosorbent surface as weel as the surface morphol-
ogy of the biosorbent in the absence and presence of hexa-
valent chromium, respectively.

3. Results and Discussion
3. 1. Effects of pH

The pH of an aqueous solution is a crucial factor
for the biosorption process and affects the ion sorption
efficiency. The charges of the functional groups of the bi-
osorbent and distribution of the hexavalent chromium
species are affected by changes in the solution pH. There-
fore, the biosorption and reduction processes have differ-
ent affinities.!® The maximum biosorption capacity (g,) of
hexavalent chromium on the L. edodes biosorbent was de-
termined as 6.12 mg g~! at a pH of 2.0 (Figure 1).
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Figure 1. Effect of pH on hexavalent chromium biosorption capac-
ity (q,) onto L. edodes biosorbent.

The experiments were performed for 120 min at 25
°C with 10 mg L™! as the initial hexavalent chromium
concentration, hence, the suitable pH was chosen as 2.0
for biosorption. Generally, in aqueous hexavalent chro-
mium solutions, HCrO,~, Cr,0,%", CrO,*", and H,CrO,
are the dominant species.!” Under acidic condition (pH
<4.0) HCrO,", Cr,0,%7, and H,CrO, are the main forms
of hexavalent chromium. HCrO," is the dominant form
of hexavalent chromium at a pH of 2.0.'® Owing to pro-
tonation of the amino functional groups, the cell surface
become positively charged, hence, the acid chromate
can perfectly interact with the protonated biomass sur-
face.>!®

3. 2. Effects of Biosorbent Dosage

To examine the effects of biosorbent dosage on hex-
avalent chromium biosorption, different amounts of the
biosorbent were tested in the range of 0.025-0.200 g. Ap-
proximately 100 mg mL™! of the initial hexavalent chro-
mium concentration and 25 mL of total volume of the ion
solutions were used at 25 °C. As the biosorbent dosage
increased from 0.025 g to 0.200 g, the g, value decreased
from 24.46 mg g! to 3.94 mg g! (Figure 2). As the total
amount of hexavalent chromium biosorbed on the bio-
sorbent increases, the g, per unit of biomass reduces be-
cause of the fixed concentration.?
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Figure 2. Effect of biosorbent dosage on hexavalent chromium bio-
sorption capacity (g.) onto the L. edodes biosorbent.

3. 3. Effects of Initial Concentration of
Hexavalent Chromium and Contact
Time

To understand the effects of initial concentration of
the hexavalent chromium, 10-1000 mg L™! initial concen-
trations were tested for the 25 mL total solution volume
and 0.025 g of the biosorbent. The g, increased from 4.56
to 110.96 mg g! with increase in the initial hexavalent
chromium concentration from 10 to 1000 mg L™ at 25 °C.
To identify the impact of temperature on the biosorption
process, three different temperature values of 4, 25, and 45
°C were studied at both initial concentrations. The total
volume of the hexavalent chromijum solution and amount
of biosorbent were 25 mL and 0.01 g, respectively. As seen
in Figure 3, when the temperature increases from 4 to 45
°C, the g, increases from 1.33 to 11.26 mg g! at 10 mg
L! initial hexavalent chromium concentration. Figure 3
also depicts that the g, values at 4, 25, and 45 °C are 87.67,
110.96 and 194.57 mg g~!, respectively.

To examine the effects of contact time, about 0.025
g of the biosorbent in 25 mL of the total solution volume
with 100 mg L hexavalent chromium solution was tested
at 4, 25, and 45 °C for 10-180 min. At 4 °C, g, increased
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Figure 3. Effect of initial concentration of hexavalent chromium on
its biosorption capacity (g,) onto the L. edodes biosorbent.
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Figure 4. Effect of contact time on hexavalent chromium biosorp-
tion capacity (q,) onto the L. edodes biosorbent.

from 6.19 to 12.38 mg g, with temperature increase from
25 t0 45 °C, g, increased from 14.42 to 27.48 mg g~!. These
results are illustrated in Figure 4.

3. 4. Biosorption Isotherms

To identify the interactions between the sorbate (lig-
uid or gas) and sorbent, sorption isotherms were used. The
Langmuir, Freundlich, and Sips isotherm models were in-
vestigated in this study. In the Langmuir isotherm model,
the sorbate molecules interact with the sorbent molecules
to form a monolayer, uniform and homogenous surface.
In this model, all sorption sites are unique and morpho-
logically homogeneous. The Langmuir equation can be
expressed as follows:

o 1 4 L
% Qi @ 3)

where K; is the Langmuir constant (L mg™'), C, is the hex-
avalent chromium concentration under equilibrium (mg
L), g, is the amount of biosorbed hexavalent chromium
(mg g!) and Q; is the maximum Langmuir monolayer
coverage capacity (L mg™!).2!

The Freundlich isotherm model is suitable for het-
erogeneous surfaces and a reversible sorption process for
multilayer sorbents. The Freundlich isotherm equality is
given as follows:

Ing, = InKy + = InC, (4)

Here, Ky represents the Freundlich isotherm and »
is the biosorption intensity. The value of 1/n characterizes
the feasibility of the isotherm.?? To investigate the applica-
bility of the isotherm, a linear graph of In g, versus In C,
was plotted, and the Ky and n values were calculated from
the intercept and slope of the plot, respectively.?

The Sips isotherm equality is given as follows:

11 (1)l/ﬂ+ 1 )

qe QaxKs \Ce

Qmar
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where, Q,,,, is the maximum biosorption capacity (mg
g1 and Kj is the Sips constant (L mg™!).

The calculated data are given in Table 1. As seen,
the L. edodes fits better with the Freundlich model than
the Langmuir or Sips models. The K values were deter-
mined as 0.69, 0.20, and 0.19 L mg™! at 4, 25, and 45 °C,
respectively. The 1/n value gives the heterogeneity of the
surface,? so the n values were calculated as 0.90, 0.75, and
0.65 at 4, 25, and 45 °C, respectively.

¢! min~"2), and "2 is the half-life time (s). Plots of the
biosorbate uptake g, versus /2 show a linear relationship
when the IPD is rate limited.

The RSO model is expressed as follows: 28

1 1 1

= +
qe krqet de

(12)

Here, kg is the RSO rate constant (min™'), g, and
q, are the amounts of biosorbed hexavalent chromium at

Table 1. Biosorption isotherm constants for hexavalent chromium biosorption onto the L. edodes biosorbent.

Langmuir Isotherm Constants

Freundlich Isotherm Constants

Sips Isotherm Constants

T (K) K x 102 Q R? Ky N R? Kg x 102 Qurax R?
(Lmg™) (mgg™) (Lmg™) (L mg™) (mg g™)

277 0.35 39.06 0.88 0.69 0.90 0.99 0.30 36.10 0.9

298 3.43 14.68 0.95 0.20 0.75 0.97 2.84 11.55 0.83

318 7.41 24.33 0.9 0.19 0.65 0.96 3.72 19.84 0.95

3. 5. Biosorption Kinetics

Kinetic analysis is important to clarify the transport
mechanisms of biosorption, which have to be identified.
Langergeren’s first order (LFO), pseudo-second order
(PSO), intraparticular diffusion (IPD), and Ritchie’s sec-
ond-order (RSO) kinetic models were thus calculated to
identify the biosorption processes.

The LFO and PSO models are expressed as follows:

25,26
In(g, —q,) = Inq, - kit ©)
t 1 t
= = + = 10
qe k202 = qe (10)

Here, g, is the amount of biosorbed hexavalent chro-
mium at equilibrium time (mg g™!), g, is the amount of
biosorbed hexavalent chromium at time ¢ (min), and k;
(min™!) and k, (mol kg min~!) are the LFO and PSO rate
constants, respectively.

The IPD model represents the rate-limiting steps and
is given as follows: %’

qe = kit (11)
where ¢, is the amount of biosorbed hexavalent chromi-
um at time ¢ (mol kg™), k;; is the IPD rate constant (mg

equilibrium time (mg g!) and at time # (min), respectively.
In this model, the number of surface sites, n, are bounded
by each biosorbate. The kinetic models are summarized at
Table 2. According to the calculated values, the PSO ki-
netic model is suitable for the biosorption process. The R?
values were 0.99 for all three temperatures (4, 25, and 45
°C), and the calculated g, values, which are similar to the
experimental g, (Eq. 1) values, are 1.63, 4.27, and 12.05 mg
g1, respectively. Comparative results of the biosorption of
Cr(VI) by various sorbents are given in Table 3.

3. 6. Biosorption Thermodynamics

The van’t Hoff equation was used to calculate the
thermodynamic parameters at different temperatures. The
free energy change (AG°), entropy change (AS°), and en-
thalpy change (AH?) values were determined as follows:

AH® AS°
Ik, = - 4 2 (13)
AG® = AH® —TAS® (14)

where T represents the absolute temperature (K), R is the
universal gas constant (8.314 ] mol™! K1), and K] is the
Langmuir equilibrium constant.

Table 2. Biosorption kinetic models and parameters for hexavalent chromium biosorption onto the L. edodes biosorbent.

LFO PSO IPD RSO
T(K) gq.exp k;x10? q. R? k, x 10? e R? k; R? kg deq R?
(mgg') (min') (mgg™) (mol kg min~')(mg g™1) (mg g™! min~12) (min!) (mgg™)
277 1.32 1.60 2.08 0.93 7.49 1.63 0.99 0.60 0.99 4.37 6.02 0.85
298 4.56 1.72 2.07 0.66 7.01 4.27 0.99 0.42 0.88 8.06 4.23 0.55
318 11.26 1.38 2.76 0.98 3.42 12.05 0.99 1.25 0.99 10.49 12.50 0.79
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Table 3. Biosorption of Cr(VI) by different sorbents.

Sorbent Sorption pH Time T (K) Isotherm Kinetic Reference
capacity model model

Arthrobacter viscosus 14.4 mg/g 2 144 h 299 Langmuir - 29

Spirulina sp. 59.57 mg/g 5 60 min 298 Langmuir PSO 30
and Freundlich

Agaricus campestris 56.21 mg/g 2 60 min 318 Langmuir PSO 9

Multi-shell hollow 257.67 mg/g 4 90 min 293 Langmuir - 31

micro-meso-macroporous silica

Activated carbon 54.8 mg/g 35 72h 333 Langmuir PSO 32

Cellulose hydrogel coating with Fe®  98.2 % 5 4h 313 - LFO 33

Sugarcane bagasse 87 % 6.7 100 min 319 Redlich-Peterson ~ LFO 34
and Temkin

Lentinula edodes 19457mggt 2 3 ure 318, Freundlich PSO This study

Positive or negative values of AG® indicate the spon-
taneity or non-spontaneity of the biosorption process, AH®
supplies information about the process and whether it is
exothermic or endothermic. 3> Finally, another thermo-
dynamic parameter, AS°, gives information about the ran-
domness of the biosorption process. The thermodynamic
parameters were calculated using Eq. 14, and these data are
given in Table 4. It is observed that biosorption is an exo-
thermic process (AH° = -4.587 k] mol™!) and that the ran-
domness decreases during the process (AS° = -0.738 ] mol™!
K1). The calculated AG° values were 3.61, 3.36, and 3.14 k]
mol ! at 4, 25, and 45 °C, respectively. These results indicate
that AG° decreases with increasing temperature and that the
biosorption process is suitable for high temperatures.

Table 4. Thermodynamic parameters for hexavalent chromium bio-
sorption onto the L. edodes biosorbent.

AH° (k] mol™!) -4.587
AS° (J mol 1 K1) -0.738

277 K 298 K 318K
AGe (k] mol ™) 3.61 3.36 3.14

3. 7. Desorption and Reusability of the

Biosorbent

Approximately 0.1 mol L' HCI and 0.1 mol L!
of HNO; were used as the desorption agents, and based
on the results, the 0.1 mol L! concentration of HNO;
(96.37%) was more effective than 0.1 mol L' of HCl
(35.89%). To determine the reusability of the L. edodes as
a biosorbent, the biosorption-desorption cycles were re-
peated five times, during which the biosorption capacity
decreased by 7%.

3. 8. Characterization of the Biosorbent

The effective functional groups of the L. edodes bi-
osorbent for hexavalent chromium biosorption were ex-

amined using FTIR spectroscopy. The FTIR spectra of the
biosorbent before and after biosorption in the range of
4000-600 cm™! are given in Figure 5. The strong and broad
bands at 3267 and 3260 cm™! are attributed to the -OH
and -NH groups before and after biosorption, respectively.
The peak at 2922 cm™! are attributed to C-H stretching,
and the peaks observed at 1628-1634 cm™! correspond to
carboxylate functional groups and carboxyl groups of the
biosorbent. Stretching of the -COO group is represented
at 1371-1364 cm™!, and the peaks at 1017-1019 cm™" are
assigned to N-H or C-O band absorption.

2400 2000 1500 1600 1800 1200
em-l

1019

8% b)

40000 3500 3200

2500 2400 2000 1300 1600 1400 1200 1000 300 00
el

Figure 5. FTIR spectra of the L. edodes biosorbent (a) before and
(b) after biosorption of hexavalent chromium.
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Figure 6. SEM images of the L. edodes biosorbent (a) before and (b) after biosorption of hexavalent chromium.

To identify the surface morphology of the biosorbent
SEM was used. As seen in Figure 6, the surface of the bio-
mass has some heterogeneity and becomes smoother after
biosorption owing to binding of the hexavalent chromium
ions to the functional sites of the biosorbent.

4. Conclusion

The main aim of this study was to examine the via-
bility of L. edodes as a biosorbent for hexavalent chromium
biosorption. In this assessment, the optimum biosorption
parameters such as pH, temperature, biosorbent dosage,
and contact time, were determined. The optimum process
parameters were detected as pH of 2.0, total biosorbent
dosage of 0.025 g, and maximum biosorption capacity of
194.57 mg g! during 3 h of biosorption at 45 °C. The ob-
tained data were applied to certain physicochemical pa-
rameters, such as isotherm, thermodynamic, and kinetic
models, to identify the biosorption process. The Freun-
dlich isotherm and PSO kinetic models were found to be
suitable for the biosorption process and observed to fit
well with the experimental data. The standard enthalpy
and standard entropy were calculated as -4.587 kJ mol™!
and -0.738 ] mol! K1, respectively. In addition, the L.
edodes biosorbent was determined to be an effective and
a renewable biomaterial that was suitable for hexavalent
chromium biosorption from aqueous solutions, this bio-
sorbent showed high sorption capacity for treatment of
wastewater contaminated with hexavalent chromium.
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Namen Studije je bil preucitev sposobnosti adsorpcije kroma (VI) z glivo Sitake (Lentinula edodes). Da bi dolo¢ili opti-
malne pogoje smo spreminjali pH vrednost raztopine kroma (VI), koli¢ino Sitake, temperaturo, kontaktni ¢as in koncen-
tracijo kroma (VI). Adsorpcijski mehanizem smo opisali z izotermi¢nimi, kineti¢nimi in termodinamskimi parametri.
Funkcionalne skupine in morfologijo povrs§ine glive smo analizirali s FTIR in SEM v odsotnosti in prisotnosti kroma
(VI). Maksimalna adsorpcijska kapaciteta je znasala 194.57 mg g~!, pod kislimi pogoji pri temperaturi 45 °C. Na osnovi
kineti¢nih $tudij smo zakljucili, da lahko ravnotezje opisemo s Freundlichovo izotermo, adsorpcijo pa s kineti¢nim mod-
elom psevdo-prvega reda. Visoka adsorpcijska sposobnost L. edodes kaze potencial njene uporabe za ¢is¢enje odpadnih

vod.
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