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ABSTRACT

Removal of acid red 37 from aqueous solutions has been studied using red mud waste
material after its modification with laccase from Russulaceae (Lactarius volemus). Laccase
was purified by using saturated precipitate (NH,4),SO,, diethylaminoethyl celulose (DEAE-
cellulose) and immobilized on red mud. The removal of acid red 37 by the laccase-
modified red mud has been demonstrated in order to explore its potential use as low-cost
adsorbent. The adsorption kinetics of acid red 37 dye on the laccase-modified red mud
with respect to pH, contact time, temperature and adsorbent dose were investigated. The
optimum results were obtained at pH 4, contact time of 60 min and temperature of 30°C.
The Freundlich equation was found to have the highest value of R? compared with the
Langmuir model. Thermodynamic parameters including the Gibbs free energy, enthalpy
and entropy changes indicated that the adsorption of acid red 37 onto laccase-modified
red mud was feasible, spontaneous and endothermic.

Keywords: Laccase-modified red mud; acid red 37; dye removal; adsorption isotherm;
wastewater.
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1. INTRODUCTION

The textile industry consumes considerable amounts of water during dyeing and finishing
operations. Its effluents are usually strongly colored, containing high concentrations of dyes,
tensoactive compounds, chromium, suspended solids and high chemical oxygen demand.
The presence of dyestuff in textile wastewater is aesthetically offensive, inhibits
photosynthetic processes in water bodies and, in many cases, generates toxicity to aquatic
organisms and humans. Most dyes contained in textile effluents are designed to resist
oxidizing and reducing agents, washing and light exposure. These characteristics make such
chemicals highly refractory and hard to remove by using conventional wastewater treatment
processes [1-4].

Textile-processing industries largely employ azo dyes. They are aromatic hydrocarbons,
derivatives of benzene, toluene, naphthalene, phenol and aniline [5]. Azo dye has an azo
group bond (-N=N-) and because of their low cost, variety, solubility and stability are the most
common synthetic dye that have been used for dying [5]. It is estimated that over 50% of
total produced dye in world is azo dye. It has been recognized that between 1-20% of the
whole world production of azo dyes is lost during the dyeing processes and providing main
wastewater pollution in wastewaters. There are aromatic rings in the azo dye molecular
structures which cause these effluents to be toxic and mostly non-biodegradable; therefore,
becoming an important source of environmental pollution [6-8]. Approximately 10-15% of the
overall production of azo dyes is released into the environment, mainly via wastewater [9].
This is very dangerous because some of the azo dyes and their degradation products have a
toxic, mutagenic or carcinogenic influence on living organisms. Therefore, the azo dye-
containing wastewater should be treated before discharge [10-13].

Recently, physicochemical methods have been used for removal of dyes in wastewaters
though, these methods are economically unviable, environmentally unfriendly and results in
generation of residual sludge [14,15]. Consequently, amongst numerous techniques,
adsorption techniques seem to have the most potential for future use in industrial wastewater
treatment because of their proven efficiency in the removal of organic and mineral pollutants
and for economic considerations [16,17]. Activated carbon is the most widely used adsorbent
for this purpose because it has a high capacity for adsorption of color but its use is limited
because of high cost. The removal of dyes from effluent using adsorption process provide an
alternative treatment, especially if the adsorbent is inexpensive and readily available [18-21].
An adsorbent can be considered as cheap or low-cost if it is abundant in nature, requires
little processing and is a byproduct of waste material from industrial waste [22]. Many low-
cost adsorbents have been investigated on dye removal, such as orange peel [23], bottom
ash [24-27], red mud [27], silica fume [28,29], clay [30], zeolite [26,31], calcine alunite [32],
peanut hull [31], rice husk [33].

As an alternative low-cost absorbent material, solid wastes are generally used as adsorbent
for the remediation of wastewater. One type of solid waste materials, red mud (RM), is
largely produced from the alumina industry. The RM emerges as a by-product of the caustic
leaching of bauxite to produce alumina. This material is principally composed of fine particles
of silica, aluminum, iron, calcium and titanium oxides and hydroxides, which are responsible
for its high surface reactivity [34,35]. Because of these characteristics, RM has been the
subject of many investigations, including some on the removal of toxic heavy metals from
wastewater and acid mine drainage or on reducing the leaching of soil nutrients [18,19,36,
37]. It has been noted in the literature that the RM could be used for decontaminating mining
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sites and other contaminated areas, which generate acidic leachates and produce high
concentrations of hazardous heavy metal ions [38].

Laccase is an enzyme that has potential ability of oxidation. It belongs to those enzymes,
which have innate properties of reactive radical production [39]. There are diverse sources of
laccase producing organisms like bacteria, fungi and plants. Laccases use oxygen and
produce water as by product. They can degrade a range of compounds including phenolic
and non-phenolic compounds. They also have ability to detoxify a range of environmental
pollutants [39]. Laccases are produced by the majority of white-rot fungi described to-date as
well as by other types of fungi and plants, insects and some bacteria. Fungal laccases are
believed to be involved in the degradation of lignin, the removal of potentially toxic phenols
arising during lignin degradation, the fruit body development, pigment production and
antimicrobial activity [40,41].

In the present study describes the use of laccase modified-RM for removal of acid red 37
(AR37) dye from aqueous solutions. The adsorption of AR37 dye has been investigated as a
function of contact time, pH, temperature and adsorbent dose. The AR37 azo dye has been
absorbed by laccase modified-RM from AR37 dye polluted-wastewater. Adsorption isotherm,
kinetic and thermodynamic studies have been performed to describe the adsorption process.

2. MATERIALS AND METHODS
2.1 AR37 Texile Dye

The wastewater includind AR37 textyle dye was purchased from Erzurum Industrial Area
(Turkey) and used the experimental study. AR37 dye is dissociated anionic sulfonate in
aqueous solution with the molecular structure. It is used mainly in dyes for wool
manufacturing, wood coatings, silk and leather [42,43]. The chemical structure and the
general characteristics of AR37 are summarized in Fig. 1 and Table 1, respectively.

Table 1. General characteristics of AR37 dye

Chemical formula Molar mass Color index number Amax
C18H14N4N320882 524.44 g/mOl 17045 504 nm

2.2 Purification of Laccase Enzyme

20 g Lactarius volemus was ground in liquid N, and then homogenized in a blender with 50
mL of 1 M KCI by shaking, and centrifuged at 5.000xg for 60 min. The homogenates were
centrifuged and precipitates were removed. For the purification of the laccase enzyme the
following procedure was implemented [44]. Laccase was purified from the supernatant in two
steps. Firstly, it was partially purified by precipitation % in (NH,;),SO4.  Secondly, ion
exchange chromatography on DEAE-sephadex was used. The collapse of (NH,),SO, was
done from 0% to 90% in supernatant with the internals of 0-10, 10-20, 20-30, 30-40, 40-50,
50-60, 60-70, 70-80 and 80-90. Significant activity was not observed below at a range 0-40%
(NH4)2.SO4. The majority of activity was found in the 40-60% precipitate. Solid (NH4),SO,4 was
added to the supernatant to increase the concentration of (NH;),SO,4from 40% the fraction to
60%. After, mixing it in an ice-bath for 1 h with magnetic stirring, it was centrifuged (10.000 x
g, 30 min and 4°C). The supernatant was discarded and the precipitate was dissolved in 0.01
M acetate buffer (pH 5.0) and dialyzed against the same buffer [44,45].
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Fig. 1. Chemical structure of AR37 (trisodium (4Z)-3-oxo0-4-[(4-sulfonatonaphthalen-1-
yl)hydrazinylidene]naphthalene-2,7-disulfonate) dye

2.3 Anion Exchange Chromatography

The dialyzed suspension after ammonium sulfate precipitation from the above step was
subjected to anion exchange chromatography on DEAE-sephadex fast flow column (2,5 x 30
cm) pre-equilibrated with 0.02 M acetate buffer pH 5.0. The column was washed thoroughly
with the same buffer until no protein was detected in the eluate. The bound proteins were
eluted with the same buffer using a linear gradient of NaCl from 0 M to 2 M. Fractions of 3
mL volume were collected at a flow rate of 3 mL/min. Protein elution was monitored
spectrophotometrically by measuring the absorbance at 280 nm. Activity was measured by
using 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as the assay substrate.
The active fractions from each peak were pooled and stored at 4 °C. Protein concentration
was determined spectrophotometrically (absorbance at 280 nm) as well as by Bradford’s
method [46], using bovine serum albumin (BSA) as the standard.

The reagent 2,2’azino-di-[3-ethyl-benzothiazolin-sulfonate] (ABTS) was used as a substrate
for spectrophotometric determination of laccase activity [47,48]. One activity unit (U) was the
am?unt of enzyme that oxidized 1 [’mol of ABTS min"' and the activities were expressed in
uli.

2.4 Sodium Dodecyl Sulphate Polyacrylamide (SDS-PAGE) gel Electrophoresis

The SDS polyacrylamide gel electrophoresis was performed after the purification of the
enzyme. It was carried out in 3% and 10% acrylamide concentrations for the stacking and
running gels, respectively, each of them containing 0.1% SDS [49]. The sample (20 pg) was
applied to the electrophoresis medium. Brome tymol blue was used as tracking dye. Gels
were stained in 0.1% Coomassie Brilliant Blue R-250 in 50% methanol, 10% acetic acid and
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40% distilled water for 1.5 h. It was destained by washing with 50% methanol, 10% acetic
acid and 40% distilled water several times. The electrophoretic pattern was photographed

(Fig. 2).

Fig. 2. SDS-PAGE electrophoretic pattern of laccase [homogenate (l); standart protein
(bovine serum albumin, 66 kDa; egg ovalbumin, 45 kDa; pepsin, 34 kDa; trypsinogen,
29 kDa; carbonic anhydrase) (ll); purified laccase enzyme from Russulaceae
(Lactarius volemus) (lll)]

2.5 Molecular Weight Determination by Gel Filtration

A column (3x70 cm) of Sephadex G100 was prepared. The column was equilibrated with the
buffer (0.05 M Na,HPOQO,4, 1 mM dithioerythretol, pH 7) until the absorbance was zero at 280
nm. The standard protein solution (bovine serum albumin, 66 kDa; egg ovalbumin, 45 kDa;
pepsin, 34 kDa; trypsinogen, 24 kDa; B-lactoglobulin and lysozyme, 14 kDa) was added to
the column. The purified laccase enzyme was added into the column separately and then
eluted under the same conditions. The flow rate through the column was 20 mL/h. The
elution volume was compared with standard proteins [50].

2.6 Adsorbent and its Preparation for Experimental Study
The alkaline RM-water pump is dumped annually into specially constructed dams around the
Seydisehir Aluminum Plant (Konya, Turkey). The RM used in this experimental study has

been obtained from this plant. Its physical properties, chemical composition and
mineralogical composition are given in Table 2.
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Table 2. Physical property, chemical constituent and mineralogical composition of RM

Value
Properties
Density (mg/m®) 28.50
Specific gravity 3.05
pH 12-13
Constituents
Al,O4 20.20
Fezo3 35.04
CaO 5.30
MgO 0.33
TiO, 4.00
Na,O 9.40
SiO, 17.29
Ignition 8.44
Minerals(%)
Sodalite (Na,0.Al,03.1,68Si0,.1,73H,0) 32.20
Cancrinite (3NaAISiO4.NaOH) 4.60
Hematite (Fe,03) 34.70
Diaspore (AIO(OH) 2.60
Rutile (TiO,) 1.60
Calcite (CaCO3) 1.30

The RM was thoroughly washed with distilled water until it became neutral. The suspension
was wet sieved through a 200-mesh screen. A little amount of the suspension remained on
the sieve and was discarded. The solid fraction was washed five times with distilled water
following the sequence of mixing, settling and decanting. The last suspension was filtered,
and the residual solid was then dried at 105°C, ground in a mortar and sieved through a 200-
mesh sieve. Laccase from Russulaceae (Lactarius volemus) was purified by using precipitate
of saturation (NH,4),SO,, DEAE-cellulose and immobilized on RM. 1 g of RM sample was
shaken with 10 mL (5 ug protein/mL) laccase from Lactarius volemus solution for
approximately 1 h and then the separated particles were stored. The laccase-modified RM
was used for the study of AR37 dye removal from aqueous solution.

2.7 Material Characterization

The pH values were determined with a pH meter (Thermo scientific Orion 5 star plus
multifunction). The scanning electron microscope (SEM) was used to examine the surface of
the adsorbent. Images of native adsorbent and metal loaded adsorbent were magnified 5000
times by SEM modeled JEOL JSM-6400 SEM. Before SEM examinations, the sample
surfaces were coated with a thin layer (20 nm) of gold to obtain a conductive surface and to
avoid electrostatic charging during examination. The same machine was also used for the
energy dispersive X-ray (EDX) spectra analysis to know the elemental composition of the
RM. In addition, the Fourier Transform Infrared Spectroscopy (FTIR) analyses were carried
out to identify functional groups and molecular structure in the laccase-modified RM and
AR37 dye loaded laccase modified-RM. FTIR spectra were recorded on the on Perkin-a
Perkin-Elmer GX2000 FTIR spectrometer. The spectrum of the adsorbent was measured
within the range of 4000-700 cm™ wave number.
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2.8 Adsorption Procedure

All experiments were performed at laboratory scale. Synthetic wastewater was prepared by
dissolving AR37 dye in distilled water at 50 mg/L concentration (Fig. 1). All experimental
purocedures were done at 30 C and during 60 min. The AR37 adsorbed was determined
using absorbance values measured before and after treatment, at 504 nm with PG
Instruments T80 spectrophotometre. Calibration curves were established prior to the
analysis. A calibration curve was prepared in the range 0-40 ngmL'1 of AR37 dye according
to the general procedure. The amounts of the dyes adsorbed onto compost (g, in ug/g) and
the percentages of the dyes removed from the solution (R in %) were calculated from the
equations:

— (C() _C(,')*V

’ m (1)
_(C,=C)*100
C @)

where C, and C, are the initial and equilibrium concentrations of AR37 in solution (ug/L); Vis
the volume of solution (L) and m is the mass of adsorbent (g).

R

3. RESULTS AND DISCUSSION

3.1 Purification and Characterization of Laccase Enzyme from Lactarius
volemus

A new laccase from the Lactarius volemus was purified and characterized by precipitating in
(NH,4),S0O, followed by anion-exchange and gel filtration chromatograph. ABTS was used as
a substrate in the determination of activity in the protein eluted from the DEAE-sephadex
column.

The results pertaining to purification of laccase using all purification techniques are
summarized in Table 3. The final purification of 83.3-fold suggested that the laccase is highly
abundant in the Lactarius volemus.

As shown in Fig. 2, SDS-PAGE revealed a single protein band at 20 kDa. The molecular
weight of the enzyme was determined as 60 kDa by using the gel filtration chromatograph
and comparing with known standard proteins. This result shown that purified laccase enzyme
has three subunit.

Table 3. The purification process of laccase from Russulaceae (Lactarius volemus)

Enzyme fraction Volume Activity Total Activity Protein Specific  Purification
mL U/mL u % (ng/ml) U/mg Fold

Crude extract 100 135.2¢3.1  1.35x10* 100 196.5#1.3 0.69 -

(NH4)2S04 80 88.3+1.2 7.1x10° 526 472422 1.87 27

DEAE-sephadex 50 73.1+0.3 3.76 279 4.53+1.3 16.13 23.4

Sephacryl S200 30 63.2+1.1 1.9x10° 141  1.10+1.5 57.5 83.3
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3.2 Characterization Study
3.21 FT-IR

The FT-IR can provide very useful information about functional group. The technique can be
used to analyze organic materials and some of inorganic materials. The FT-IR technique is to
measure the absorption of various infrared radiations by the target material, to an IR
spectrum that can be used to identify functional groups and molecular structure in the
sample. The functional groups and surface properties of the adsorbent after adsorption by
FT-IR spectra were illustrated in Fig. 3.

50

40—
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 10CO 750

1lem

Fig. 3. FT-IR spectrum of adsorbent loaded with copper ions.

At 3262-3269 cm ™', a strong band was present in the hydroxyl stretching region in the
spectra. This was likely due to the presence of H,O in the red mud [51,52]. At 1644 cm™, a
band was detected. This was attributed to the water molecules occluded inside the alumino
silicate structure [53]. The absorption band of carbonates incorporated in the main channel of
cancrinite [54], appeared within the 1410-1470 cm™’ region in the samples. The peak
recorded at 1410 cm™" in the samples could be attributed to NO3™ present in both cancrinite
and sodalite. The band at 964-970 cm™" observed in samples could be assigned to the
stretching vibrations of Si(Al)-O. This band is sensitive to the content of structural Si and Al.
To evaluate, through the FTIR technique, the interaction mechanisms between the AR37
ions and RM, we focused our attention on a part of the midinfrared region, 687-862 cm™,
where bands associated with various AR37—O(H) stretching vibrations were found [55]. It is
shown that there is no significant change in the functional biomass groups of clay soil after
adsorption of AR37 ions on the red mud when AR37 ions were treated with red mud. It was
concluded that AR37 dye did not damage to functional groups on the adsorbent.

3.2.2 SEM study

SEM has been a primary tool for characterizing the surface morphology and fundamental
physical properties of the adsorbent surface. It is useful for determining the particle shape,
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porosity and appropriate size distribution of the adsorbent [56]. SEM of RM and AR37 dye
adsorbed laccase modified-RM are shown in Fig. 4. It is clear that, RM has considerable
numbers of pores where, there is a good possibility for dyes to be trapped and adsorbed into
these pores. Based on analysis of the images taken by SEM before and after the dye
adsorption process, highly heterogeneous pores within RM particles were observed. After
AR37 dye adsorption, the pores were packed with dyes.

3.2.3 EDX study

The EDX measurements were recorded for qualitative analysis of the element constitution of
the adsorbents and the EDX spectra of native adsorbent and AR37 dye loaded adsorbent
were illustrated in the Fig. 5a and b. From the EDX spectra, the AR37 dye ions were
adsorbed onto the laccase modified-RM adsorbent. It is shown from EDX spectra that after
AR37 dye adsorption, element concentrations increased in the AR37 dye loaded adsorbent
(Table 4).

Table 4. Results of EDX spectrum

Elements Native adsorbent (RM) AR37 dye loaded adsorbent
(Laccase modified-RM)

Weight (%) Atom (%) Weight (%) Atom (%)

Na 14.00 21.49 11.29 18.44

Si 15.58 19.59 10.43 13.94

Al 20.02 26.19 17.25 24.00

K 0.66 0.60 1.01 0.97

Ca 1.00 0.88 3.18 2.98

Ti 5.21 3.84 7.70 6.03

Fe 42.29 26.73 47.60 32.00

Cu 1.24 0.69 1.55 1.64

3.3 Adsorption Study

3.3.1 Effect of pH

One of the most important factors affecting the capacity of adsorbents in wastewater
treatment is pH [57]. The pH of the solution affects the surface charge of the adsorbents as
well as the degree of ionization of different pollutants. The hydrogen ion and hydroxyl ions
are adsorbed quite strongly and therefore the adsorption of other ions is affected by the pH
of the solution. Change of pH affects the adsorptive process through dissociation of
functional groups on the adsorbent surface active sites [58]. The effect of the initial pH of the
dye solution towards the adsorption of AR37 by laccase modified- RM in dye solution is
shown in the Fig. 6. In order to evaluate the influence of pH on the adsorption, the
experiments were carried out at different initial pH values ranging from 3 to 9. The optimum
pH, at which the maximum removal occurred, was obtained as 4. At lower pH values, the
amount of dye adsorbed decreased due to repulsive force between positively charged
surface and the positively charged dyes molecules [59]. At lower pH more protons will be
available, thereby increasing electrostatic attractions between negatively charged dye anions
and positively charged adsorption sites and causing an increase in dye adsorption. When the
pH of the solution is increased, the positive charge on the oxide or solution interface
decreases and the adsorbent surface becomes negatively charged. The adsorbent surface
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metal binding sites as well as dye chemistry in solution were influenced by solution pH. It is
to be expected that with increase in pH values, more and more ligands having negative
charge would be exposed which result in increase in attraction of positively charged dye ions.

3.4 Effect of Contact Time

The contact time is inevitably a fundamental parameter in all transfer phenomena such as
adsorption [60]. Therefore, it is important to study its effect on the capacity of retention of
AR37 dye by laccasa modified-RM. The effect of contact time on removal of the dye is shown
in Fig. 7. The removal increased quickly within the initial 25 min and remained almost
unchanged after 60 min, indicating reaching an apparent equilibrium. Rapid absorption and
equilibrium in a short period of time is related to the efficacy of the adsorbent, especially for
wastewater treatment [61-63]. The amount of the removal increased with the increase of the
contact time and reached a constant value. This may be due to the attainment of equilibrium
condition at 30 min of contact time, which is fixed as the optimum contact time. At the initial
stage, the rate of the removal of AR37 was higher, due to the availability of more than
required number of active sites on the surface of adsorbent. The rate of the removal became
slower at the later stages of contact time, due to the decreased or lesser number of active
sites [64,65].
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Fig. 4. SEM images of native RM (A) and AR37 dye loaded laccase modified-RM (B).
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Fig. 7. Effect of contact time on the removal of AR37 by laccase-modified RM.
3.5 Effect of Temperature

Temperature known to have a profound effect on various chemical processes is one of the
most important controlling parameter in adsorption. It affects the adsorption rate by altering
molecular interactions and solubility of adsorbate [66-68]. The effect of temperature was
investigated in the temperature range 20 to 80°C (Fig. 8). It was observed that the removal of
AR37 dye increased from 29.96 to 34.96 ug/g by increasing the temperature from 20 to
30°C. This increase in adsorption is mainly due to increase in number of adsorption sites
caused by breaking of some of the internal bonds near the edge of the active surface sites of
the adsorbents [67]. This phenomenon also leads to an increment in the availability of active
surface sites, increased porosity and in the total pore volume of the adsorbent. However, the
adsorption capacity slightly decreased from 34.96 to 29.22 pug/g with increasing the
temperature from 30°C to 80°C. This may be attributed by the fact that the mobility of the dye
molecule increases with increasing the temperature, which may responsible for the decrease
of adsorption capacity of adsorbent. The similar result was reported in the previous study
[69-71].
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Fig. 8. Effect of temperature on the removal of AR37 dye by laccase-modified RM.

3.6 Effect of Adsorbent Dosage

Dosage study is an important parameter in adsorption studies because it determines the
capacity of adsorbent for a given initial concentration of dye solution [65]. The effect of the
adsorbent dosage was studied by varying the adsorbent amounts from 0.125 to 2.0 mg/mL.
The effect of laccase modified-RM dosage on amount of AR37 dye adsorbed was shown in
Fig. 9. A trend of increase in adsorption capacity with increase in adsorbent dosage was
observed from 0.125 to 1 mg/mL. Any further addition of the adsorbent beyond this did not
cause any significant change in the adsorption. The amount of maximum AR37 dye removal
was 55.12 ug/g at 1 mg/mL of adsorbent dose. Increase in adsorbent dosage increased the
percent removal of dye, which is due to the increase in absorbent surface area of the
adsorbent [72]. Increase in adsorption with increase in adsorbent dosage attributed to the
increase of active sites for adsorption of dye molecules with increasing adsorbent dosage. At
very low adsorbent concentration, the adsorbent surface becomes saturated with the dye
and the residual dye concentration in the solution to large [65].
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Fig. 9. Effect of adsorbent dosage on removal of AR37 by laccase-modified RM.
3.7 Equilibrium Adsorption Isotherms

The relationship between the amounts a substance adsorbed at constant temperature and its
concentration in the equilibrium solution is called the adsorption isotherm. The adsorbent
isotherm is important from both theoretical and practical point of view [72]. In order to
optimize the design of an adsorption system to remove dye from solutions, it is important to
establish the most appropriate correlation for the equilibrium curve. Therefore, the two well-
known and widely applied isotherm equations, namely the Langmuir and Freundlich models,
were applied to determine the experimental data. There are different equation parameters
and the underlying thermodynamic presuppositions of these models often provide insight into
both adsorption mechanism and surface properties of the adsorbents [42,73,74]. The
suitability of the Langmuir and Freundlich adsorption isotherm models to the equilibrium data
was investigated and the Langmuir and Freundlich isotherm constants fort the AR37
adsorption on the laccase modified-RM were determined.

The Langmuir adsorption isotherm is often used to describe the maximum adsorption
capacity of an adsorbent and it is given as;

_qmax*b*ce

=" iprc,

©)

where gmax (1g/g) and b (L/mg) are Langmuir constants which are indicators of the maximum
adsorption capacity and the affinity of the binding sites, respectively. They can be determined
from a linear form of Eq. 2 (by plotting the C./q.) versus C,, represented by calculated with
the following equation;
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c. 1 C

[

qe qmax qmax

(4)

The values of q,.x and b were calculated from the slope and intercept of the Langmuir plot of
C. versus Cy/q, from Fig. 10, the empirical constants g,,.x and b were found to be 0.4412
mg/g and 0.0049 L/mg (Table 5), respectively. The correlation coefficient reported in Table 5
showed strong positive evidence on the adsorption of AR37 onto laccase modified-RM
follows the Langmuir isotherm. The applicability of the linear form of Langmuir model to
laccase modified-RM was proved by the high correlation coefficient R? (0.99) > 0.95. This
suggests that the Langmuir isotherm provides a good model of the sorption system.

7 -
y=0.011x+2.265

6 - R2=0.990

5 .
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=
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Fig. 10. Langmuir adsorption isotherm.

Table 5. Values of the Langmuir and Freundlich adsorption isotherms
Adsorption isotherm Value
Langmuir constants
Jmax(My/g) 0.4412
b (L/mg) 0.00489
R? 0.990
Freundlich constants
Ke 0.87
n 0.691
R? 0.996

The Freundlich isotherm model is an empirical relationship describing the adsorption of
solutes from a liquid to a solid surface and assumes that different sites with several
adsorption energies are involved [75]. It is described by the following equation;
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_ 1/n
9max = KrC, (5)

where Kr and n are the Freundlich constants related to the sorption capacity of the adsorbent
(ug/g) and the energy of adsorption, respectively. They can be calculated in the following
linear form;

logg, =logK,. +llog C,
n
(6)

Ke and n values were calculated from the intercept and slope of the plot (Fig. 11). In the
literature, it is pointed out that the parameters, K- and n affect the adsorption isotherm. The
larger K- and n values indicate the higher the adsorption capacity. The magnitude of
exponent n gives an indication of the favorability of the adsorption. The n value is 0.74 (Table
5) and it is good adsorption characteristic [76]. Based on the high correlation coefficient R?
(0.9892) > 0.95, it has been deduced that Freundlich model better fitted to the experimental
data (Table 5). The high correlation coefficient showed that both adsorption isotherm models
are suitable for describing the adsorption equilibrium of AR37 dye.

37 y = 1.447x - 0.060
R?=0.996
2.5
2 .
1.5 -
o0
B>
1 .
0.5 -
0 T T T T T T 1
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

log Ce
Fig. 11. Freundlich adsorption isotherm.

To understand the mechanisms and dynamics of the adsorption process, the pseudo-first-
order kinetic and pseudo-second-order kinetic models were used to evaluate the
experimental data, which were generated through the AR37 adsorption tests using the
laccase-modified red mud. The following Lagergren kinetic equation, which is known as the
pseudo-first-order kinetic model, is used widely to understand the kinetic behavior specific to
adsorption reactions

1/q; = k1/q.t + 1/q, (7)
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where k1 is the pseudo-first-order rate constant (min’1), ge and gt are the amounts of AR37
adsorbed at time t and at equilibrium (ug/g). This equation has been applied to the current
study on AR37 adsorption. At different concentrations from 5 to 100 ug/L, the correlation
coefficients and k1 were calculated for AR37 adsorption from the linear plots of log (qe-qt)
vs. t (Fig. 12), and shown in Table 4. Pseudo-first-order kinetic model's correlation
coefficients were high at ranges 0.976 to 0.9978. Besides, there were a great difference
between experimental and calculated equilibrium adsorption capacities (ge), which suggests
a higher pseudo first-order fit on the experimental data. These findings confirm laccase-
modified red mud's increased adsorption capacity.

*5 m2s5 A50
y=-0.026x + 1.866
17 R2=0.972
y=-0.018x + 1.285
R2=0.982

0 T T T T T T 1
- 10 20 30 40 50 60 70
=n}
i 1 -
% Time (Min)

2 -

34

y=-0.035x - 1.293
R2=0.984
4

Fig. 12. Pseudo first-order reaction for AR37 adsorbed onto red mud adsorbent at
different concentrations.

It is also possible to describe the adsorption kinetics by a pseudo-second order reaction.
Pseudo-second-order kinetic model assumes that chemisorption may be the limiting rate
step, where the valence forces are involved between the adsorbent and adsorbate, through
electron sharing or Exchange [77]. Equation for the pseudo-second-order kinetic model is as
follows.

1/q: = ko/Qe"+ /qe (8)

where, the equilibrium rate constant of pseudo-second-order model is k, here (g mol™ min'1).
This equation has been applied to the current study on AR37 adsorption. At different
concentrations from 5 to 50 pg/L, the correlation coefficients, g, and k; were calculated for
AR37 adsorption from the linear plots of t/q; vs. t (Fig. 13) and shown in Table 6. Straight
lines with high correlation coefficients (>0.9570) were obtained for all the initial AR37
concentrations studied. Besides, experimental data also agree with the calculated g, values,
in terms of the pseudo-second-order kinetics.
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Fig. 13. Pseudo second-order reaction for AR37 adsorbed onto laccase-modified RM
adsorbent at different concentrations.

Table 6. Comparison between the estimated adsorption rate constants, g. and
correlation coefficients associated with the pseudo-first-order and the pseudo-
second-order rate equations

Initial AR37 Pseudo-first-order rate Pseudo-second-order rate

concentration equation equation

(ng/L) qe, exp ky g cal R k, q., cal R?
(ng/g) (no/g) (ng/g)

5 1.19 0,026 6,46 0,972 0,29 0.93 0,999

25 13.36 0,018 3,61 0,982 0,015 6.99 0,997

50 27,43 0,035 0,274 0,984 0,01 17.54 0,997

This pseudo-second-order kinetic analysis suggests that as the initial AR37 concentration
increases k, decreases. Probably, this behavior is caused by the lower competition for the
sorption surface areas, at lower concentrations. At higher concentrations, however, lower
sorption rates are obtained as the competition for the surface active sites is higher. On the
other hand, equilibrium adsorption capacity (q.) increases as the initial AR37 concentration
increase, since most of the AR37 ions are adsorbed at available adsorption sites [75].

3.8 Adsorption Thermodynamic

In environmental engineering practice, both energy and entropy consideration must be taken
into account in order to determine what processes will occur spontaneously [78]. The aim of
thermodynamic study is to establish the thermodynamic parameters that can characterize the
adsorption process of AR37 dye onto laccase modified-RM. The adsorption capacity of
laccase modified-RM adsorbent increased with increase in the temperature of the system
from 293-303 K. Thermodynamic parameters such as change in free energy (AG°) kJ/mol,
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enthalpy (AH°) kJ/ mol and entropy (AS°) J/IKmol were determined using the following
equations [79]:

K, = <,
< ™
AG° =—RTInK, ®)
AS° AH?
K, =(5)~(5) "

where K is the equilibrium constant, C; is the solid phase concentration at equilibrium (ug/L),
C. is the liquid phase concentration at equilibrium (ug/L), T is the temperature in Kelvin and
R is the gas constant.

AH° and AS° values are obtained from the slope and intercept of plot In K, against 1/T [80].
Von't Hoff plot of effect of temperature on adsorption of AR37 on laccase modified-RM was
illustrate on Fig. 14 and the observed thermodynamic values were summarized in Table 7
[81,82].

1.08 -
y=-1046.x + 4.504
1.04 - R2=10.999
2
= 11
-
0.96 -
0.92 T T T T 1

3.27E-03  3.30E-03 3.33E-03 3.36E-03 3.39E-03  3.42E-03
/T

Fig. 14. Influence of temperature on the thermodynamic behavior of AR37 dye.

The negative value of AG’ indicates the adsorption is favorable and spontaneous. The
AG°values decrease with an increase in temperature, indicating an increased trend in the
degree of spontaneity and feasibility of AR37 dye adsorption. The negative values of AH°
further confirm the exotermic nature of adsorption process. Hence, the adsorption of AR37
dye on laccase modified-RM is chemical in nature. The positive values of AS° indicate the
increased disorder and randomness at the solid solution interface of AR37 dye with the
adsorbent.
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Table 7. Thermodynamic parameters for the AR37 dye adsorption

Temperature (K) Thermodynamic parameters
AG° AH° AS°
(kJmol™) (kJmol™) (Jmol™)
298 -9.37 -85.77 0.37
303 -14.44
313 -21.02

4. CONCLUSION

In this study, RM modified using laccase from Russulaceae (Lactarius volemus) was
converted into an adsorbent and the suitability of the activated RM for adsorption of AR37
dye from textile wastewater was investigated. The results indicate that laccase modified-RM
can be successfully used for the adsorption of AR37 from aqueous solutions. The pH,
biosorbent dose, time, initial dye concentration and temperature affected the adsorption
process. The optimum pH for efficient adsorption of AR37 is 4. The adsorption capacity is
strongly dependent on the temperature and increases significantly with increase in
temperature from 20 to 30°C. For equilibrium studies, two isotherm models were used in this
study, which is Freundlich and Langmuir, for different temperatures and it is found that
Freundlich fitted experimental data very well. Thermodynamic parameters including the
Gibbs free energy, enthalpy and entropy changes indicated that the adsorption of AR37 onto
laccase modified-RM adsorbent was feasible, spontaneous and exothermic. Based on the
results, laccase modified-RM can be used as a relatively efficient and low cost absorbent for
the removal of AR37 dye from textile wastewater.
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