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a r t i c l e i n f o 

Article history: 

Received 24 April 2018 

Revised 29 August 2018 

Accepted 1 September 2018 

Available online 2 October 2018 

Keywords: 

Biosorption 

Decolorization 

Modification 

Process design 

Regeneration 

a b s t r a c t 

Aquatic pollution caused by synthetic dyes poses a significant threat to environment and public health. 

Efficient and convenient removal of dye contaminants from aquatic environment is a challenge for en- 

vironmental protection. Biosorption process is a promising way to remove such chemicals from contam- 

inated media. Herein, a new biomagsorbent based on Lactarius salmonicolor cells (MagLS) was simply 

designed by combining magnetic separation and biosorption techniques. Technical feasibility of the pre- 

pared biomagsorbent for Reactive Yellow 2 retention was examined. The interactive effects of batch pro- 

cess variables were evaluated by 4 − level Box–Behnken design. Kinetic analysis indicated applicability 

of the pseudo − second − order model. q max value was noted as 115.23 mg/g and retention of RY2 was 

endothermic and spontaneous in nature. IR, SEM/EDX analysis and zeta potential measurements were 

employed for the characterization. Flowthrough experiments indicated that MagLS has a high decoloriza- 

tion potential. Regeneration experiments carried out in 25 consecutive cycles revealed that MagLS can 

be easily regenerated and reused for at least 15 cycles with high sorption ( ∼70%) and desorption ( ∼80%) 

yield. Furthermore, after 25 cycling process, a recovery yield of RY2 dye was maintained at around 80%. 

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

The intensive industrial activities throughout the world have

led to increasing generation of industrial wastewaters. This type of

wastewaters contain different organic and inorganic contaminants.

Sythetic dyes are used in several industrial branches including

textile, paint, leather, plastic, paper etc. and represent the haz-

ardous water contaminant as important class of organic pollutants.

Direct discharge of the colored effluents from industrial sources

causes biological and chemical changes and visual pollution in the

aquatic ecosystem. Additionally, synthetic dyes can create toxicity

symptoms on living tissues depending on length of exposure and

their concentrations. Therefore, in recent years there is a growing

interest to reduce environmental impact of colored effluents [1 , 2] .

Biosorption is a promising alternative treatment method for the

removal of various types of pollutants from contaminated waters.

This method has potential advantages such as low operation cost,

versatility, simplicity, high degree and rate of uptake, pollutant

recovery, analogous operation to traditional ion exchange method

and easy availability of biomass and waste biomaterials [3 , 4] .
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he most of the biosorption studies are carried out with the

iomasses obtained from fungi, bacteria, microalgae, agricultural

aste, industrial waste, plant residues, cellulose and chitosan

erived materials etc. Depending on the biomaterial type, func-

ional groups such as carbonyl, carboxyl, amide, amine, imine,

ydroxyl, imidazole, sulfhydryl, sulfonate, thiol, phosphate, and

hosphodiester present on the biomaterial surface are responsible

or sequestering pollutants [5] . Nevertheless, the drawback of the

iosorption applications is the difficulty to separate the powder

orm of biomaterial particles from the treated aquatic media. In

his context, magnetically modified sorbent materials have been

eceived growing attention because they can be easily separated

rom aquatic media by using a simple external magnetic field after

he sorption process. Less energy consumption, shorter separation

ime and better selectivity are other important advantages of

agnetic separation process [6 , 7] . It is also useful in both small

nd large scale applications [8] . 

Different types of magnetically modified sorbent materials have

een effectively used for the separation of various pollutants from

quatic media [9–16] . However, so far only limited knowledge

xists concerning the adaptation of magnetic separation process

o microbial cells for the treatment of dye contaminated waters.

agnetically modified Saccharomyces cerevisiae [8] , Kluyveromyces
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ragilis [17] , Chorella vulgaris [18] and Penicillium janthinellum

19] cells are a few examples of this type of biosorbents. 

Therefore, in this work, an application of magnetically modified

actarius salmonicolor (MagLS) was considered as a biomagsorbent

or removing Reactive Yellow 2 (RY2) from aquatic media via

orption process. To our knowledge, there is no literature report

oncerning the preparation and use of MagLS for any purpose.

esponse surface methodology (RSM) combined with Box-Behnken

esign (CCD) was used to examine the interactive effects of im-

ortant operational parameters and to recognize the efficiency of

he experimental system. The batch biosorption characteristics for

he natural biomass and MagLS were examined. The isotherm and

inetic models and thermodynamic parameters were employed

o identify the decolorization behavior of the suggested sorbent.

eta potential measurements, SEM, EDX, XRD and IR analysis were

mployed to identify the sorbent characteristics. Desorption and

egeneration properties of the developed sorbent material were

lso investigated in addition to breakthrough curve analysis. 

. Materials and method 

.1. Chemicals 

The target pollutant in this study (RY2 dye) is obtained from

igma–Aldrich. All other reagents and chemicals used in this work

re of analytical grade. 

.2. Preparation of MagLS 

The fresh samples of mushroom were collected from Gemlik,

urkey. The fruit bodies of L. salmonicolor were rinsed with deion-

zed water and later dried in an oven at 60 οC for overnight. Dried

ushroom biomass was ground using IKA A − 11 laboratory mill

nd sieved to select the particle size less than 212 μm. A stock RY2

olution was prepared at a concentration of 1.0 g/L. Different con-

entrations of dye were freshly prepared from this stock solution.

H values of the test solutions were adjusted with 0.1 mol/L HCl or

aOH solutions. Co-precipitation method was used for the prepa-

ation of MagLS [20] . FeSO 4 · 7H 2 O (2.1 g) and FeCl 3 · 6H 2 O (3.1 g)

ere dissolved in distilled water (80 mL). While this mixture was

eated to 80 οC, 10 mL of NH 4 OH solution (25%) was added. Then,

0 g of the powdered L . salmonicolor was suspended in this mixture

nder vigorously stirring for 30 min at 80 οC. The suspension was

hen cooled to room temperature. Finally, the magnetite coated

 . salmonicolor was completely separated by a magnet, repeatedly

ashed with double distilled water, dried and then ground to ob-

ain powdered form of MagLS. Magnetic particles are stable in the

orbent structure. The interactions between the magnetic particles

nd the biomass are strong enough to provide sorbent stability. 

Fig. 1 shows chemical structure of RY2, powdered form of

agLS and RY2 solutions before and after magnetic separation

rocess. 

.3. Instrumentation 

Infrared (IR) spectra of biomagsorbent before and after decol-

rization were generated by using IR spectrophotometer (Bruker

ensor, 27) in the wavenumber range of 40 0–40 0 0 cm 

−1 using

Br pellet technique. The surface morphologies were examined by

 scanning electron microscope (SEM, JEOL 560 LV) equipped with

nergy dispersive X − ray (EDX) analysis. The acceleration voltage

nd image magnification were used as 20 kV and × 1500, respec-

ively. EDX analysis was also conducted during SEM imaging. In

rder to improve image quality and electron conductivity, samples

ere coated with thin layer of palladium and gold in a Polaron

C − 7620 Sputter Coater. The powder XRD analysis was performed
y a polycrystalline X-ray diffractometer (Empyrean PANalytical).

eta potential measurements over the pH range of 1.0 − 5.0 were

erformed using a zeta sizer (Malvern Zeta sizer nano ZS). Vibrat-

ng Sample Magnetometer (VSM) (Lakeshore VSM 7407) was em-

loyed to analyze the magnetic properties of the sorbent at room

emperature. The pH measurements were conducted by a pH me-

er (WTW − Inolab 720). Dye concentrations in the solutions were

etermined using Shimadzu UV − 2550 UV–vis spectrophotometer. 

.4. Batch and continuous mode decolorization experiments 

Batch decolorization experiments were carried out in 100 mL

asks at 120 rpm agitation speed in order to identify the effects

f operational parameters including pH, contact time, biosorbent

mount and initial RY2 concentration. The sorption mixtures were

laced in a temperature controlled orbital shaker at 20 οC and

haken at a speed of 120 rpm. At the end of the batch mode exper-

ments, MagLS was easily and completely separated from the so-

ution by a magnet. On the other hand LS was separated from the

orption mixture by centrifugation at 4500 rpm for 5 min. The su-

ernatans were collected to determine the final dye concentration

y a UV spectrophotometer at a maximum wavelength of 404 nm. 

Glass columns with an internal diameter of 11 mm were used

n the continuous mode decolorization studies. The columns were

acked with a known amount of LS and MagLS to yield the

esired bed height. The biosorbent was supported between a layer

f glass wool at the top and the bottom of the columns. The

xperiments were carried out by pumping dye solutions (25 mL,

00 mg/L) through the column in down-flow mode using a peri-

taltic pump (Ismatec IP16). Column decolorization performances

f the suggested sorbents were studied at different flow rates (0.5,

.0, 2.0, 3.0 and 6.0 mL/min) and sorbent amounts (0.01, 0.015

.02, 0.03, 0.04, 0.06, 0.08, 0.10 and 0.15 g) at an inlet pH of 2.0.

ygon tubings were used for the connection between columns

nd peristaltic pump. The dye concentration in the effluent was

nalyzed as mentioned above. 

Decolorization yield and the equilibrium amount of RY2 sorbed

nto per unit mass of biomagsorbent were calculated by the

ollowing expressions: 

ecolorization yield (%) = 

( C i − C e ) 

C i 
× 100 (1) 

 e = 

V ( C i − C e ) 

m 

(2) 

here C i and C e (mg/L) are the initial and the equilibrium RY2

oncentrations in the aqueous phase, V (L) is the volume of RY2

olution, m (g) is the weight of sorbent material and qe (mg/g) is

he sorption capacity. 

.5. Design of the decolorization process 

In the present work a subset of Response Surface Methodology

RSM) known as Box-Behnken design was employed to evaluate

he effects of selected variables. According to employed model the

umber of the required experimental run was calculated from the

ollowing equation: 

 = 2 k × ( k − 1 ) + cp (3) 

here N , k and cp represent the number of experimental runs,

he factor number and the replicate number of the central point,

espectively [21–23] . The decolorization yield was chosen as the

ependent output response variable. Four independent variables

f initial pH (x 1 ), sorbent amount (x 2 ), contact time (x 3 ) and dye

oncentration (x 4 ) were coded at three levels between 1 and + 1,

nd these variables were manipulated in the range of pH 2–8
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Fig. 1. Chemical structure of RY2 dye (a), powdered form of MagLS (b) and RY2 solutions before (c) and after (d) magnetic separation. 
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for initial pH, 0.025 − 0.2 g/L for biomass amount, 5 − 90 min for

contact time and 50–750 mg/L for initial dye concentrations. 

The factor variables are coded according to following transfor-

mation: 

X i = ( x i − x 0 ) / �x i (4)

where X i and x i are coded and the real value of independent

variable, respectively. x 0 is the real value of independent variable

of the centre point, and �x i is the step change of the real value. 

The statistical model which indicates relationships independent

variables (factors) and response variable (Y) has been obtained by

using multiple linear regression model. For this purpose; linear,

quadratic and interaction effect terms of variables have been
isplayed in the regression model as Eq. (5) 

 = β0 + 

m ∑ 

i =1 

βi X i + 

m ∑ 

i =1 

βii X 

2 
i + 

m −1 ∑ 

i =1 

m ∑ 

j= i +1 

βi j X i j , m = 1 , 2 , 3 , 4 . (5)

A system with four independent variables (factors) (X 1 , X 2 , X 3 ,

 4 ) and the response variable (Y) can be represented by a multiple

inear regression model; 

 = β0 + β1 X 1 + β2 X 2 + β3 X 3 + β4 X 4 + β12 X 1 X 2 + β13 X 1 X 3 

+ β14 X 1 X 4 + β23 X 2 X 3 + β24 X 2 X 4 + β34 X 3 X 4 + β11 X 

2 
1 

+ β22 X 

2 
2 + β33 X 

2 
3 + β44 X 

2 
4 

Where, Y is the response variable (sorption yield of RY2). X 1 ,

 2 , X 3 and X 4 are the levels of factor variables (pH, biosorbent

mount, contact time and dye concentration. β0 is the regression

oefficient at the center point; β , β , β and β are linear effect
1 2 3 4 
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Fig. 2. 3D response surface graphs for the interactive effects of pH and sorbent 

amount on decolorization yield of LS (a) and MagLS (b). 
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oefficients; and β12 , β13 , β14 , β23 , β24 and β34 are interaction

ffect coefficients. In addition, β11 , β22 , β33 and β44 are quadratic

ffect coefficients. The fitting of the regression model was deter-

ined by the coefficient of determination (R 

2 ). Design −Expert

oftware version 8.0. was used to statistical, regression and

raphical analysis of the data. F −test was used to interpret the

oefficients. 

.6. Kinetic and isotherm modeling 

In order to evaluate the decolorization and the equlibrium time,

orption kinetics was investigated. Kinetic experiments were con-

ucted using an initial RY2 concentration of 200 mg/L and at dif-

erent temperatures (20, 30 and 40 °C) at predetermined optimum

onditions. Kinetic data were analyzed using pseudo − first − order

odel of Lagergren ( Eq. 6 ) [24] , pseudo − second − order model

 Eq. 7 ) [25] and intraparticle diffusion model ( Eq. 8 ) [26] . 

n ( q e −q t ) = ln q e − k 1 t (6) 

t 

q t 
= 

1 

k 2 q 

2 
e 

+ 

1 

q e 
t (7) 

 t = k p t 
1 / 2 + C (8) 

here k 1 (min 

−1 ), k 2 (g/mg/min) and k p (mg/g/min 

1/2 ) are the

seudo − first − order, the pseudo − second order and intraparticle

iffusion rate constants, respectively. q t (mg/g) is amount of dye

dsorbed at time t , respectively. C is the constant related to the

hickness of the boundary layer. 

Equilibrium experiments were conducted with different initial

ye concentrations (50–750 mg/L) at 20, 30 and 40 °C under

he optimized conditions. The Langmuir ( Eq. 9 ) [27] , Freundlich

 Eq. 10 ) [28] and Dubinin − Radushkevich (D − R) ( Eqs. 11 –12 )

29] isotherm models were employed to analyze the equilibrium 

ata. 

 e = 

q max K L Ce 

1 + q max K L 

(9) 

 e = K F C e 
1 /n (10) 

n q e = ln q m 

− βε 2 (11) 

 = RT ln (1 + 1 / C e ) (12) 

here q max and q m 

are sorption capacity of the sorbent material

mol/g), C e is the dye concentration in solution at equilibrium

mol/L) and K L is Langmuir equilibrium constant (L/g), K F (L/mg)

s the Freundlich constant and n is the heterogeneity factor. β is

he activity coefficient related to the biosorption energy, ε is the

olanyi potential, R (J/mol/K) is the gas constant and T (K) is the

bsolute temperature. 

The separation factor ( R L ) can be calculated by Eq. (13 ) using

angmuir model and indicates the biosorption reaction favorable

r unfavorable. 

 L = 

1 

1 + K L C o 
(13) 

If the value of separation factor lies between 0 and 1 it shows a

avorable sorption, while separation factor > 1 represents unfavor-

ble adsorption; separation factor = 1 indicates a linear sorption,

nd separation factor = 0 determines an irreversible adsorption

30] . 

A mean biosorption free energy ( E ) may be calculated by

q. (14 ) using D − R isotherm. If its value is less than 8 kJ/mol,

orption is in physical form, and if it lies between 8 and 16 kJ/mol,

hemical sorption is dominant [31] . 

1 / 2 

 = 1 / (2 β) (14) 
. Results and discussion 

.1. Process design and statistical analysis 

Decolorization experiments were planned according to the

ox − Behnken design to obtain a multiple regression model con-

isting of 29 trials plus 3 − center points. The coded and actual

alues of factor variables as well as observed and predicted decol-

rization yields for MagL S and L S are presented in Supplementary

aterial (SM1) and (SM2), respectively. Eqs. (15 and 16 ) indicate

he relationship between the predicted responses and indepen-

ent variables for these sorbent materials obtained from multiple

egression analysis. 

 ( MagLS ) = 1 . 83 − 35 . 25 x 1 +5 . 60 x 2 +3 . 43 x 3 −1 . 98 x 4 −18 . 16 x 1 x 2 

−10 . 62 x 1 x 3 +8 . 43 x 1 x 4 −0 . 28 x 2 x 3 

+0 . 15 x 2 x 4 −0 . 035 x 3 x 4 +34 . 95 x 1 
2 −1 . 85 x 2 

2 

+0 . 78 x 3 
2 +0 . 66 x 4 

2 (15) 
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y ( LS ) = −29 . 66 x 1 +5 . 19 x 2 +2 . 50 x 3 −0 . 42 x 4 −15 . 42 x 1 x 2 −7 . 49 x 1 x 3

+1 . 82 x 1 x 4 +0 . 16 x 2 x 4 +29 . 56 x 1 
2 

−0 . 76 x 2 
2 +2 . 41 x 3 

2 −1 . 37 x 4 
2 (16)

The adequacies of these quadratic models were assessed using

analysis of variance (ANOVA) and the corresponding results are

presented in SM3 and SM4. Higher values of determination coef-

ficients ( R 2 = 0.942 for MagLS and R 2 = 0.947 for LS) between the

predicted and experimental decolorization yield (%) were recorded.

F values were determined as 16.39 and 17.76 for MagLS and LS,

respectively. Moreover the Prob- F values for both sorbent were

less than 0.0 0 01. These findings imply that the applied quadratic

models could be reliable for predicting the decolorization yield.

Similarly, it was found that p − values for x 1 , x 1 x 2 and x 1 
2 were

less than 0.05, indicating that these variables were statistically

significant for decolorization of RY2 by LS and MagLS. 

3.2. Effects of significant model components on decolorization 

efficiency 

According to ANOVA results in SM3 and SM4, the effects of pH

and sorbent amount were found to be more significant than the

other parameters investigated. Therefore, the interactive effects of

solution pH and sorbent dosage on RY2 removal by MagLS and LS

were given as three dimentional (3D) surface plots in Fig. 2 . It was

observed that the decolorization yields of MagLS and LS increased

with decreasing pH and increasing sorbent amount. The major

effects of pH and sorbent amount parameters on the removal

process are further verified by the recorded F values. 

The higher decolorization efficiency (%) at lower pH values

(pH 2.0) could be due to the attractive forces between protonated

sorbent functional groups and anionic dye molecules. In other

words, the functional groups present on the surface of the sorbent

material are protonated and acquire a net positive charge at

highly acidic conditions. This causes a high electrostatic attraction

between the sorbent surface and RY2 molecules, resulting in a

high sorption capacity. When the pH of the solution increased,

the number of negatively charged sites increased as a result of

the deprotonation of sorbent functional groups. Lower sorption

capacities of RY2 observed at higher pH values can be attributed

to competition between the negatively charged RY2 molecules and

the excess hydroxyl ions for the sorption sites. This finding was

confirmed by the zeta potential values of these sorbents in Fig 3 .

The point of zero charges (pzc) of MagLS and LS were determined

as 2.25 and 2.15, respectively. At pH less than isoelectric point,

the surface charge of adsorbent is positive due to the presence of

the high concentration of protons in the environment. Therefore,

the positively charged sorbent materials can effectively remove

negatively charged dye molecules [32] . 

On the other hand, increasing decolorization efficiency by in-

creasing sorbent amount can be explained by the increased surface

area and the availability of more binding sites. The optimum sor-

bent dosages are recorded as 1.488 and 2.012 g/L for MagLS and LS,

respectively. A higher decolorization yield obtained with a small

amount of MagLS when compared with LS is another advantage of

MagLS in addition to easy of separation. With the introduction of

magnetic particles, the biomass gained magnetic properties and its

sorption capacity was simultaneously improved. The similar an-

tagonistic effects of pH and sorbent amount were reported for the

sorption of Reactive Blue 19 onto multi − walled carbon nano tubes

[33] and L − arginine − functionalized Fe 3 O 4 nanoparticles [32] . 

3.3. Decolorization kinetics 

Fig. 4 depicts the sorption of RY2 sorbed on LS and MagLS at

different tem peratures and various time ranges. It is apparent that
ye molecules were rapidly sorbed on the biomass preparations

n the first 40 min. Thereafter, the decolorization was slower and

nally attained equilibrium within 60 min. Fig. 4 also displays the

act that the uptake of RY2 by LS did not significantly changed

ith temperature ( p > 0.05). Rapid initial decolorization can be

xplained by the contacts of dye molecules with available surface

orption sites while subsequent gradual sorption may be attributed

o uptake of dye molecules into the sorbent pores [34] . The rapid

ecolorization kinetics has been evaluated as an important advan-

age in the practical applications. Because this feature provides

igh efficiency and economy with the smaller reactor volumes

35] . On the other hand, RY2 sorption capacity of MagLS slowly

ncreased with temperature rising. It was even more pronounced

hen the temperature rised to 20 οC from 30 οC. This increase

as due to the easier diffusion of dye molecules onto the surface

f MagLS at higher temperature. 

The pseudo − first − order, the pseudo − second − order and

ntraparticle diffusion models were employed to simulate the

inetics of RY2 decolorization process by the sorbent preparations.

he parameters of these kinetic models as well as the coefficients

f determination are presented in Table 1 . The experimental q e 
exp) values were not in a good agreement with the calculated q e 
cal) values. Also, coefficients of determination values were found

s quite low for the pseudo − first − order model. These findings

ndicated that the pseudo − first − order model was not suitable

or modeling the decolorization. On the contrary, the coefficients

f determination for the pseudo − second − order model were

uite high (0.999) at all the studied temperatures. Furthermore,

here is a good agrrement between the values of q e (cal) and

 e (exp) predicted by this model. These findings indicated that

he pseudo − second − order model is favorable kinetic model for

he sorption of RY2 onto LS and MagLS at various temperatures.

ncreasing trend of the rate constant values with an increase

n the temperature indicated that the decolorization process is

ate − controlled. 

The intra − particle diffusion model was also used by plot-

ing uptake versus the square root of time (figure not shown)

o identify the decolorization. Although r 2 values obtained for

his model are lower than those of the pseudo − second − order

odel ( Table 1 ), good linearization of the data were observed

p to equilibrium for both sorbent. This finding indicates that

he decolorization process may be followed by this model up to

quilibrium. Since the linear portion of the fitting curve obtained

o not pass through the origin, the intraparticle diffusion was not

he only rate − limiting step and probably other kinetic models

ay be controlling the rate of decolorization. 

.4. Isotherm models 

The equilibrium data obtained from the sorption process are

enerally represented by sorption isotherms. The isotherm models

rovide important parameters for the efficiency and applicability

f sorbent material and prediction of the pollutant removal mech-

nism. In the present study equilibrium data were analyzed by

mploying Freundlich, Langmuir and Dubinin–Radushkevich (D–R)

sotherms. The general isotherm plots for the biosorption of RY2

nto MagL S and L S are included in Fig. 5 . The sorption capacities

ncreased with increasing dye concentration and progressively

eached a saturation point. The obtained parameters from these

odels are presented in Table 2 . As shown in this table, Langmuir

sotherm is more suitable model for the description of equilibrium

ata with coeeficient of determination (R 

2 ) values greater than

.985. This finding emphasizes the formation of monolayer cover-

ge with RY2 molecules at specific homogeneous sites on LS and

agLS surfaces. The maximum monolayer sorption capacities were

ecorded as 1.11 × 10 −4 mol/g (96.90 mg/g) and 1.32.10 −4 mol/g
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Fig. 3. Zeta potentials of LS and MagLS at various pH values. 

Table 1 

Kinetic parameters for the biosorption of RY2 onto MagL S and L S. 

Pseudo − first − order Pseudo − second − order Intraparticle diffusion 

t ( οC) k 1 (min −1 ) q e (mg/g) R 2 k 2 (g mg/min) q e (mg/g) R 2 k p (mg/g /min) C (mg/g) R 2 

MagLS 20 5.26 × 10 −2 56.43 0.923 7.60 × 10 −4 104.71 0.999 7.92 27.32 0.973 

30 5.41 × 10 −2 48.91 0.911 9.16 × 10 −4 110.77 0.999 7.29 40.25 0.972 

40 4.75 × 10 −2 28.79 0.789 1.23 × 10 −3 111.14 0.999 7.52 45.95 0.941 

LS 20 4.40 × 10 −2 27.94 0.914 1.83 × 10 −3 82.10 0.999 4.55 40.12 0.978 

30 4.31 × 10 −2 19.49 0.891 2.04 × 10 −3 80.71 0.999 3.88 43.79 0.930 

40 3.88 × 10 −2 16.44 0.844 2.96 × 10 −3 79.43 0.999 3.44 48.95 0.941 

Table 2 

Isotherm parameters for the biosorption of RY2 onto MagL S and L S. 

Freundlich Langmuir Dubinin − Radushkevich (D − R) 

t ( οC) n K F (L/g) R 2 q max (mol/g) K L (L/mol) R L R 2 q m (mol/ g) β (mol 2 /kJ 2 ) R 2 E (kj mol –1 ) 

MagLS 20 6.26 4.17 × 10 −4 0.882 1.19 × 10 −4 (103.88 mg/g) 10.62 × 10 4 1.25 × 10 −8 0.986 2.05 × 10 −4 1.42 × 10 −9 0.924 18.74 

30 5.07 6.23 × 10 −4 0.899 1.26 × 10 −4 (109.99 mg/g) 17.82 × 10 4 7.47 × 10 −9 0.994 2.46 × 10 −4 1.63 × 10 −9 0.939 17.49 

40 5.27 6.08 × 10 −4 0.909 1.32 × 10 −4 (115.23 mg/g) 19.83 × 10 4 6.71 × 10 −9 0.996 2.45 × 10 −4 1.55 × 10 −9 0.938 17.97 

LS 20 4.30 6.46 × 10 −4 0.858 1.11 × 10 −4 (96.89 mg/g) 40.39 × 10 4 3.29 × 10 −8 0.991 2.32 × 10 −4 2.09 × 10 −9 0.894 15.47 

(  

i  

t  

c  

w  
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s  

t

3

 

p  

T  
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Table 3 

Thermodynamic parameters for the biosorption of RY2 onto MagLS. 

t ( °C) �G o (kJ mol −1 ) �H o (kJ mol −1 ) �S o (kJ/K mol −1 ) 

20 −28.18 

30 −30.46 23.43 0.18 

40 −31.72 

w  

s  

1  

�  

T  

�  

−  

M  

w  

M  

o  
115.23 mg/g) for LS and MagLS, respectively. q max values also

ndicated that the surface modification produced improvement in

he sorption capacity of LS towards dye molecules. The sorption

apacity of the modified biomaterial exhibited an increasing trend

ith temperature rising as mentioned previously. Furthermore, all

 L values fall between 0 and 1 in Table 2 indicated the favorable

orption of RY2 molecules onto LS and Mag LS at all studied

emperatures. 

.5. Thermodynamics of the sorption process 

RY2 sorption of MagLS was monitored at three different tem-

eratures (20, 30 and 40 οC) under the preoptimized conditions.

he thermodynamic parameters (the values of change of free

nergy, enthalpy and entropy) were calculated from the following

quations: 

G 

o = −RT ln K L (17) 

n K L = −�G 

o 

= −�H 

o 

+ 

�S o 
(18) 
RT RT R 
here R is the constant (8.314 J/mol/K) and T is the absolute

olution temperature in Kelvin. A plot of ln K L as a function of

/ T (figure not shown) yields a straight line from which �H ° and

S ° were calculated from the slope and intercept, respectively.

he values of these parameters are listed in Table 3 . The negative

G ° values ( − 28.18 kJ/mol at 20 οC, − 30.46 kJ/mol at 30 οC and

31.72 kJ/mol at 40 οC) indicated that the sorption of RY2 on

agLS is a spontaneous process. The decrease of �G ° values

ith increasing temperature indicates that the sorption of RY2 on

agLS is more favorable at higher temperature. The positive value

f �H ° (23.43 kJ/mol) affirmed the endothermic nature of the
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Fig. 4. Time profile of RY2 biosorption onto LS (a) and MagLS (b) at different temperatures. 
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process. Moreover, a positive value of �S ο indicated that random-

ness at the solid − solute interface increased with RY2 sorption

onto the MagLS surface, suggested good affinity of dye molecules

toward the sorbent and reflected some structural changes in

sorbate and sorbent. 

3.6. Continuous flow mode sorption 

Continuous flow mode sorption potential is an important

feature for suggested sorbent materials to evaluate their technical

feasibility in wastewater tretament applications. To identify the

dye sorption ability of MagLS in continuous mode, decolorization

experiments were conducted with different flow rates and sorbent

amounts. The results given in Fig. 6 indicated that lower flow
ates resulted in good sorption performances and therefore, dye

olutions were passed through the columns at a flow rate of

.0 mL/min. The sorption yields of the suggested material are

ecreased with the increasing flow rate. The reason for this behav-

or is the lower contact time between dye molecules and sorbent

urfaces at higher flow rates. A similar tendency has been reported

or Congo Red removal process using jujuba shell [36] . 

The decolorization yields at different amount of MagLS packed

nto the columns were also shown in Fig. 7 . The results indicated

hat the dye removal yield of the column increased from 13.68

o 59.24% by increasing MagLS amount in the column from 0.01

o 0.1 g. An increase of MagLS dosage could provide more specific

urface of the sorbent material, which supplies more binding sites

or dye molecules. No significantly change was observed in the
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Fig. 5. General isotherm plots for RY2 biosorption onto MagLS and LS. 

Fig. 6. Effect of flow rate on the biosorption of RY2 onto MagLS in continuous system. 
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ecolorization yield above this point ( p > 0.05) as a result of the

aturation of dye binding sites on the sorbent surface. This finding

as similar to results obtained from sorbent amount optimization

xperiments in batch mode. 

Dye removal performance of MagLS was also tested in real

astewater conditions for continuous flow and batch modes.

ndustial wastewater was obtained from casting unit of metal pro-

essing industry in Eski ̧s ehir, Turkey. It was spiked with 100 mg/L

Y2. The wastewater includes cadmium (0.71 mg/L), manganese

0.21 mg/L), potassium (10.00 mg/L), calcium (187.30 mg/L) and

agnesium (35.44 mg/L). The continuous flow and batch mode

orption yields of RY2 onto MagLS in this industrial wastewater

as recorded as 73.03 and 81.40%, respectively. These good sorp-

ion performances can be considered an important advantage for

he usability of MagLS in real wastewater conditions. 
.7. Breakthrough study 

The pollutant removal performance of the packed bed columns

s generally evaluated by the breakthrough curves. A breakthrough

urve obtained for RY2 sorption onto MagLS at a constant flow rate

f 1 mL/min, influent (RY2) concentration of 100 mg/L and sorbent

mount of 0.5 g is shown in Fig. 8 . The dye concentration in the

ffluent was too low and the breakthrough point emerged around

10 min. Dye concentration in the effluent gradually increased with

nteraction time ( p < 0.05) and MagLS packed column reached to

n exhausted point around 1220 min. These results demonstrated

hat MagLS could be effectively employed for a relatively long

eriod in dynamic flow treatment process for RY2 contaminated

olutions. 
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Fig. 7. Effect of biosorbent amount on the biosorption of RY2 onto MagLS in continuous system. 

Fig. 8. Breakthrough curve for the biosorption of RY2 onto MagLS. 
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3.8. Regeneration and reusability of MagLS 

Regeneration ability of a sorbent material is crucial factor for

the economic feasibility of large scale treatment applications.

Therefore, regeneration experiments were conducted to evaluate

the reusability potential of MagLS in packed column. 0.01 M NaOH

was used in these experiments as an eluent. Fig. 9 presents the

performance of MagLS packed column during 25 consecutive

cycles for RY2 sorption and desorption. The results obtained from

regeneration studies indicated that MagLS possessed potential

recycle performance especially upto 15 recycles with the high

sorption and recovery yields. On the other hand a slight increase

in the sorption yield of MagLS during these cycles may be ex-

plained by the activation effect of eluent similar to the chemical

pretreatment. At the end of 25th cycle, around 80% recovery

yield was still maintained. These results indicated that MagLS is a

reusable sorbent material for convenient and efficient removal of

RY2 from contaminated aquatic media. 
.9. Characterization 

VSM measurements were performed at room temperature

n order to determine the magnetic properties of the prepared

orbent material. The typical magnetization curve of MagLS is

iven in Fig. 10 (a). The magnetic saturation value of MagLS was

stimated to be 12.5 emu/g. Such magnetization value confirmed

he magnetically modification of biomass. This feature makes

agLS very sensitive to external magnetic field and provides

mproved separation potential in the sorption applications. 

Moreover, XRD patterns of LS and MagLS illustrated in Fig. 10 (b)

ndicated that LS has amorphous structure. Dye molecules could

asily penetrate through the LS surface. The XRD pattern of

agLS revealed the six characteristic peaks of Fe 3 O 4 at about

0 ο (2 2 0), 35 ο (3 1 1), 43 ο (4 0 0), 53 ο (4 2 2), 57 ο (5 1 1)

nd 63 ο (4 4 0). It further confirms that the nano-Fe 3 O 4 phase

as been introduced into biomass surface, which made biomass

agnetism. 
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Fig. 9. Regeneration potential of MagLS in the RY2 biosorption. 

Fig. 10. VSM curve of MagLS (a), X-ray diffraction (XRD) patterns of LS and MagLS (b),EDX spectrum of LS and MagLS (c), SEM micrographs of L S, MagL S and dye loaded 

MagLS (d), IR spectra of MagLS and dye loaded MagLS (e). 
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Fig. 10. Continued 
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Magnetic property of the sorbent material was also confirmed

by the presence of prominent Fe peak in the EDX spectrum of

MagLS, which is absent in the EDX spectrum of LS ( Fig. 10 (c)). On

the other hand, SEM micrographs of LS, MagLS and RY2 loaded

MagLS are given in Fig. 10 (d). It can be seen from the figure that,

the heterogenous and granular surface structure of LS becomes

more smooth and rough after the magnetic modification. Also

there is a great number of new agglomerations and shiny particles

attracts attention in the micrograph of dye loaded MagLS. This

finding could be attributed to coverage of MagLS surface by dye

molecules. 

IR spectra of rigid MagLS and RY2 − loaded MagLS are pre-

sented in Fig. 10 (e). IR spectrum of MagLS shows a band located

around 3425 cm 

–1 , which is attributed to –OH and –NH stretching

vibrations. Symetric and asymmetric stretchings of –CH 3 and –CH 2 

groups were seen at 2922 and 2855 cm 

–1 . The strong absorption

bands observed at 1636 and 1038 cm 

−1 which are attributed to

C = O and P–OH strecthing vibrations, respectively. Moreover, a

band at 1256 cm 

−1 can be ascribed to C − O group of MagLS

[37] . The stretching band observed at 590 cm 

−1 is typically due

to the characteristic peak of Fe − O of Fe 3 O 4 and proves the

magnetic character of the biomass. The infrared spectrum of

RY2 loaded − MagLS shows the appearance of new peak at about

1550 cm 

−1 caused by –N = N– group of dye. The IR spectra of

MagLS exposed to dye anions indicated no significant shifts or

p  
hange in any of the characteristic absorbance bands present on

he magnetic biosorbent with the exception of a band shift from

256 to 1236 cm 

−1 . These results implied not only involvement

f C − O in the sorption of dye, but also the possibility that dye

emoval could be taken place through electrostatic interaction,

ather than complexation. 

. Conclusion 

Our study showed that the magnetic biosorbent prepared from

 . salmonicolor biomass had a significant potential for reactive

ye removal from contaminate solutions due to its high sorption

erformance and low-cost. The sorption characteristics of RY2 dye

nto MagLS were investigated by both the batch and dynamic

ow mode treatments. The effective parameters including pH,

nitial dye concentration, sorbent amount and contact time were

ptimized by RSM. Maximum RY2 removal capacity of MagLS was

15.23 mg/g under optimized conditions. Higher determination of

oefficient showed better agreement between experimental and

redicted values. The decolorization process conformed to the

angmuir isotherm model. The pseudo − second − order kinetic

odel exhibited better fit to the sorption data of RY2 than the

seudo − first − order kinetic model. Intraparticle diffusion model

tted the decolorization data within the equilibrium time. MagLS

acked columns provide high efficiency in dynamic flow mode
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reatment. A positive entrophy value indicated increased random-

ess at the solid–solution interface after decolorization process. A

ositive enthalpy value showed that the process was endothermic

n nature. Regeneration studies suggested that MagLS could be

uccessfully reused up to 25 cycles. Overall, by taking into ac-

ount of all the findings it can be concluded that MagLS can be

onsidered as an alternative and effective sorbent material for the

reatment of reactive dye contamination. 
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