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Abstract

This paper studies, the removal of acid fuchsin dye from aqueous solutions using zeolite natural mater-
ial after its modification with laccase from Russulaceae (Lactarius volemus). Batch adsorption experiments
were performed as a function of pH, contact time, temperature, and adsorbent dosage. The optimum results
were obtained at pH 5, contact time of 60 min, temperature of 60°C, and an adsorbent dosage of 1.5 mg/mL.
The isotherm studies show that the adsorption experimental data are fitted well by Langmuir isotherm model.
The adsorption capacity found is 31 mg/g. The kinetics of AFD adsorption on LMZ is best described with the
pseudo-first-order kinetics model. Thermodynamic parameters including Gibbs free energy, enthalpy, and
entropy changes indicate that the adsorption of Acid Fuchsin dye onto laccase-modified zeolite is feasible,
spontaneous, and exothermic. The results show that laccase-modified zeolite can be used as an alternative low-

cost adsorbent for dye removal from aqueous solutions.

Keywords: acid fuchsin dye removal, laccase-modified zeolite, adsorption isotherms, adsorption

kinetics
Introduction mental scientists. Synthetic origin and complex aromatic
structures of dyes make them stable and difficult to remove
The release of colored effluents to the aquatic environ- using traditional wastewater treatment technologies [1, 2].
ment without adequate treatment causes public concern, Since dye compounds are specifically designed to be recal-
legislative problems, and is a serious challenge to environ- citrant with poor biodegradability, they are very stable and

difficult to degrade by conventional aerobic biological
*e-mail: ekalkan@atauni.edu.tr treatments, such as the activated sludge process [4-7].
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Various physical, chemical, and biological methods, name-
ly adsorption, biosorption, coagulation, precipitation, mem-
brane filtration, solvent extraction, chemical oxidation, and
photochemical degradation have been used for the treat-
ment of dye containing wastewater. Among these methods,
the adsorption process using low-cost adsorbent materials
is proved to be an effective process for color removal from
wastewater [8-14].

One type of geological natural materials is zeolite. This
material is a naturally occurring framework silicate with a
three-dimensional cage structure, and they possess perma-
nent negative charges in their structural frameworks that are
balanced by exchangeable cations [15]. The use of zeolites
as an adsorbent for removing heavy metal ions from aque-
ous solution has gained great interest due to its high ion
exchange capacity [16]. Large deposits of natural zeolites in
many countries provide local industries some promising
benefits since they are able to treat wastewater contaminat-
ed with heavy metals at low cost [17].

Laccase is an enzyme that has the potential ability of
oxidation. It belongs to those enzymes that have innate
properties of reactive radical production. There are diverse
sources of laccase-producing organisms like bacteria,
fungi, and plants. Laccases use oxygen and produce water
as a byproduct. They have the ability to detoxify a range of
environmental pollutants [18].

This paper describes the use of laccase-modified zeolite
(LMZ) for removal of acid fuchsin dye (AFD) from aque-
ous solutions. The adsorption of AFD has been investigat-
ed as a function of contact time, pH, temperature, and
adsorbent dose. The AFD has been absorbed by LMZ from
AFD-polluted wastewater. Adsorption isotherm, kinetic,
and thermodynamic studies have been performed to
describe the adsorption process.

Materials

AFD or 2-amino-5-[(4-amino-3-sulfophenyl)(4-imino-
3-sulfo-2,5-cyclohexadien-1-ylidene)-methyl]-3-methyl-
benzenesulfonic acid is an organic dye (C.I. 42685) and has
the formula C,,H;,N;Na,O,S;. AFD, also called Acid Violet
19 or Fuchsin Acid or Rubin S, is widely used for staining
procedures [19] and other purposes [20]. Its structure is
given in Fig. 1.

The zeolite samples were collected from the open-pit
mine in the Gordes (Manisa) region of West Anatolia.

Fig. 1. Chemical structure of AFD.

The zeolite material has mineralogical content, mainly
clinoptilolite (85%) and other components, including
feldspar (10%) and clay (5%). Its density is 2.25 g/cm® and
surface area is 40.80 m?’/g. The reason for selecting zeolite
as an adsorbent is its relatively moderate surface area, and
exceptionally high and selective ion-exchange capacity
[21].

Lactarius volemus (20 g) were ground in liquid N, and
then homogenized in a blender with 50 mL of 1 M KCI by
shaking, and centrifuged at 5000xg for 60 min. The
homogenates were centrifuged and precipitates were
removed. For the purification of the laccase enzyme the fol-
lowing procedure was implemented [22]. Laccase was puri-
fied from the supernatant in two steps. Firstly, it was par-
tially purified by precipitation % in (NH,),SO,. 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 the range 0-40%
(NH,),SO,. The majority of activity was found in the 40-
60% precipitate. Solid (NH,),SO, was added to the super-
natant to increase the concentration of (NH,),SO, from
40% to 60%. After mixing in an ice-bath for 1 h with mag-
netic 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 dia-
lyzed against the same buffer [22].

Experimental Procedure
Material Characterization

Fourier Transform Infrared Spectroscopy (FTIR) analy-
ses were carried out to identify functional groups and mol-
ecular structure. 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 numbers. 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 electrosta-
tic 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 zeolite.

Adsorption Procedure

The crushed zeolite was thoroughly washed with dis-
tilled 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.
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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. 1 g of zeolite sample was shaken with 10
mL, 10 CFU/mL laccase from Lactarius volemus solution
for approximately 1 h, and then the separated particles were
stored. The laccase from Lactarius volemus modified-zeo-
lite was used for the study of AFD removal from aqueous
solution.

Synthetic wastewater was prepared by dissolving AFD.
A 10 mL sample solution was pipetted into a 100 mL
Erlenmeyer flask, and 5 mL 0.001 M dithizone was added
as a complexion agent. The pH was adjusted to 7 (optimum
value) with 0.001 M NaOH or 0.001 M HCI. The aqueous
phase was diluted to 40 mL. The amount of 0.15 g naphtha-
lene was added as a solid solvent. Then this solution was
heated in a water bath to about 85°C and stirred (800 rpm)
for 2 min to dissolve the complex in the molten naphthalene,
and allowed to stand for 15 min at room temperature to form
microcrystalline naphthalene containing AFD complex.
After filtration with fritted glass, this microcrystalline naph-
thalene was washed with deionized water and dissolved in
a 2 mL volumetric flask with acetone. The absorbance of
the solutions was measured at 228.8 nm with graphite fur-
nace atomic absorption spectrometer. A calibration curve
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was prepared in the range 0-40 ngm/L. The amounts of the
dyes adsorbed onto compost (qe in mg/m) were calculated
from the equation:

C,-C)*V
qe:( o e) (1)

m
..where C, and C, are the initial and equilibrium concen-

trations of copper in solution (mg/L); V" is the volume of
solution (L), and m is the mass of adsorbent (g).

Results and Discussion
Characterization

The peaks at 3,406, 3,641, 1,616, and 833 cm™ consti-
tute the characteristic peaks of zeolite (Fig. 2). Two peaks
appearing between 3406 and 3641 cm’ belong to bond
vibrations between the hydroxyl groups in zeolite structure
and between aluminum with tetrahedral structure and non-
acidic end silinol group (Fig. 2A). The bands around 3660
cm’ belong to extra-lattice aluminum. After adsorption of
AFD onto zeolite surface, the bands were observed at
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Fig. 2. FT-IR spectrum of adsorbent (A) and adsorbent loaded with AFD (B).
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Fig. 3. SEM images of native zeolite (A) and AFD-loaded laccase-modified zeolite (B).
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1,054-1,205 cm’. These bands show the hydrogen connect-
ed to nitrogen atoms in AFD structure and the vibrations
belonging to binding on the zeolite surface. The mechanis-
tic interaction between AFD and zeolite on the bonds locat-
ed between 464 and 668 cm™ can be explained by AFD-
O(H)S:i vibrations (Fig. 2B). There is no significant change
in the functional biomass groups of zeolite after adsorption
of AFD on the zeolite when AFD were treated with zeolite.
It was concluded that AFD did no damage to functional
groups on the adsorbent [23].

The SEM is useful for determining the particle shape,
porosity and appropriate size distribution of the adsorbent
[24, 25]. The SEM images of LMZ and AFD-adsorbed
LMZ are shown in Fig. 3 (A-B). It is clear that zeolite has
a considerable number of pores where there is a good pos-
sibility for dyes to be trapped and adsorbed. Based on

analysis of the images taken by SEM before and after the
dye adsorption process, highly heterogeneous pores within
zeolite particles were observed. After the adsorption
process, the pores were packed with AFD and this finding
revealed the coverage of the modified material surface with
a molecular cloud of dye [26].

The EDX measurements were illustrated in Fig. 4 (A-
B). From the EDX spectra, the AFD ions were adsorbed
onto the LMZ adsorbent. It is shown from EDX spectra that
after AFD adsorption, element concentrations increased in
the AFD-loaded adsorbent (Table 1). The adsorption of
AFD onto LMZ was also evidenced by an increase of the K,
Ca, Ti, Fe, and Cu signals in the EDX spectrum of dye-
loaded LMZ since these elements were present in the dye
structure. It was also noted that the intensities of the Na, Si
and Al peaks in the EDX spectrum of zeolite decreased after
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Fig. 4. EDX spectra of zeolite (A) and AFD-loaded laccase-modified zeolite (B).
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Fig. 5. Effect of pH (a), contact time (b), temperature (c), and dosage (d) on removal of AFD by laccase-modified zeolite.



Experimental Study to Remediate...

119

Table 1. Results of EDX spectrum.

Native ad.sorbent AF(E:::s?i;isigre%em
Elements (zeolite) zeolite)
Weight (%) | Atom (%) | Weight (%) | Atom (%)

Na 0.68 0.87 0.48 0.62
Mg 1.00 1.21 0.85 1.04
Al 11.90 12.97 11.18 12.25
Si 69.86 73.18 70.18 73.89
K 9.27 6.97 9.80 7.41
Ca 4.58 3.36 3.91 2.89
Fe 2.72 143 3.59 1.90

AFD adsorption [6]. This may be regarded as an ion
exchange mechanism in addition to other possible interac-
tions.

Adsorption Studies

The experiments were carried out at different initial pH
values ranging from 3 to 8 and the optimum pH was
obtained as 5 (Fig. 5a). Several reasons may be attributed to
dye adsorption behavior of the adsorbent relative to solu-
tion pH. The surface of LMZ may contain a large number
of active sites and the removal of dye ions can be related to
the active sites and also to the chemistry of the dye ions in
the solution [27]. At lower pH more protons will be avail-
able, 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. Therefore,
the lower adsorption at higher pH may be due to the abun-
dance of OH™ ions and, consequently, ionic repulsion
between the negatively charged surface and the anionic dye
molecules. Also, there are no exchangeable anions on the
outer surface of the adsorbent at higher pH values, and con-
sequently adsorption decreases [28].

The effect of contact time on the removal of AFD was
investigated at time interval 0-120 min and the results were
shown in Fig. 5b. The removal increased quickly within the
initial 60 min and remained almost unchanged after 90 min,
indicating the reaching of an apparent equilibrium. Rapid
absorption and equilibrium in a short period of time is relat-
ed to the efficacy of the adsorbent, especially for waste-
water treatment [29, 30]. At the initial stage, the rate of
removal of AFD was higher due to the availability of more
than the required number of active sites on the surface of
the 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 [31]. As the surface adsorption sites
become exhausted, the uptake rate is controlled by the rate
at which the adsorbate is transported from the exterior to

Table 2. Values of the Langmuir and Freundlich adsorption
isotherms.

Langmuir constants Freundlich constants

G (ME/B) 200.00 Ky 6.140
b (L/mg) 31.00 n 0.399
R? 0.987 R2 0.976

the interior sites of the adsorbent particles [32]. The rapid
removal has significant practical importance because it will
facilitate a smaller reactor volume, ensuring efficiency and
economy [33, 34].

The degree of adsorption increases with increasing tem-
perature, and maximum adsorption is obtained at 60°C,
which is the temperature of the solution for the LMZ (Fig.
5c). The temperature increase favors dye adsorption, with
60°C showing greater color removal efficiency compared to
the other temperatures. This increase also affects the solu-
bility and chemical potential of the adsorbate, possibly
becoming a factor that controls adsorption [35]. An increase
in temperature involves increased mobility of the metal
ions and a decrease in the retarding forces acting on the dif-
fusing ions. These result in enhancing the adsorptive capac-
ity of the adsorbent [36]. The temperature dependence of
the adsorption process is associated with changes in sever-
al thermodynamic parameters [37].

The effect of the adsorbent dosage was studied by
varying the adsorbent amounts from 0.25 to 2.0 mg/mL.
The effect of LMZ dosage on amount of AFD adsorbed was
shown in Fig. 5d. A trend of increase in adsorption capaci-
ty with increase in adsorbent dosage was observed from
0.25 to 1.50 mg/mL. Any further addition of the adsorbent
beyond this did not cause any significant changes in adsorp-
tion. The amount of maximum AFD removal was 2.457
mg/g at 1,500 mg/mL of adsorbent dose. lincreasing dye
removal with adsorbent dosage can be attributed to an
increase of adsorbent surface and availability of more
adsorption sites. However, the capacity decreased with the
increasing amount of adsorbent when the adsorption capac-
ity was expressed in mg adsorbed per gram of material.
This can be attributed to overlapping or aggregation of
adsorption sites, resulting in a decrease in total adsorbent
surface area available to the dye and an increase in diffusion
path length [38, 39].

Adsorption Isotherms

In this study the suitability of the Langmuir and
Freundlich adsorption isotherm models to the equilibrium
data were investigated for removal of AFD using LMZ. The
Langmuir adsorption isotherm model assumes that adsorp-
tion occurs on a homogenous adsorbent surface of identical
sites that are equally available and energetically equivalent
with each site and carry equal numbers of molecules with
no interaction between adsorbate molecules [40, 41]. The
Langmuir adsorption isotherm was determined from a lin-
ear form of Eq. 2:
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Table 3. Comparison between the estimated adsorption rate constants, ¢,, and correlation coefficients associated with the pseudo-first-

order and the pseudo-second-order rate equations.

Pseudo-first-order rate equation Pseudo-second-order rate equation
Initial AFD q, expected k q, calculated R: K q, calculated R
concentration (mg/L) (mg/g) ! (mg/g) : (mg/g)
5 248 0.028 1.32 0.972 0.56 2.53 0.918
25 18.76 0.032 17.2 0.982 0.002 23.75 0.973
50 27.63 0.030 20.39 0.984 0.000574 30.49 0.983
C 1 C The larger K, and n values indicate the higher the adsorp-
—= b * 2) tion capacity. The magnitude of exponent n gives an indi-
qe qmax qmax

...where g,,,, (mg/g) and b (L/mg) are Langmuir constants,
which are indicators of the maximum adsorption capacity
and the affinity of the binding sites, respectively.

The values of ¢,,,, and b were calculated from the slope
and intercept of the Langmuir plot of C, versus C,/q, from
Fig. 6a, the empirical constants ¢,,,, and b were found to be
200 mg/g and 31 L/mg (Table 2), respectively. The correla-
tion coefficient reported in Table 2 showed strong positive
evidence on the adsorption of AFD, and LMZ follows the
Langmuir isotherm. The applicability of the linear form of
Langmuir model to LMZ was proved by the high correla-
tion coefficient R* (0.987)>0.95. This suggests that the
Langmuir isotherm provides a good model of the sorption
system.

The Freundlich isotherm assumes that the adsorption
occurs on heterogeneous surfaces at sites with different
energy of adsorption and with non-identical adsorption sites
that are not always available [41, 42]. The Freundlich con-
stants can be calculated in the following linear form:

logg, =log K, +llog C, 3)
n

...where K- and n are the Freundlich constants related to the
sorption capacity of the adsorbent (mg/g) and the energy of
adsorption, respectively.

K- and n values were calculated from the intercept and
slope of the plot (Fig. 6b). In the literature, it is pointed out
that the parameters, K- and n affect the adsorption isotherm.
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Fig. 6. Langmuir (a) and Freundlich (b) adsorption isotherms.

cation of the favorability of the adsorption. The » value is
0.399 (Table 2) and is a good adsorption characteristic [43].
Based on the high correlation coefficient R (0.976) > 0.95,
it has been deduced that the Freundlich model is better fit-
ted to the experimental data.

Adsorption Kinetics

The pseudo-first-order kinetic model is widely
employed to understand the kinetic behavior of the adsorp-
tion reactions [44].

L_k 1
T 4
4 9t q. @

...where ¢, and qt are the amounts of AFD adsorbed at equi-
librium and at time ¢ (mg-g"'), and k, is the pseudo-first-
order rate constant (min™). The 4, and the correlation coef-
ficients for AFD adsorption at different concentrations
ranging from 5 to 50 mg/L were calculated from the linear
plots of In (g,-q,) versus ¢ (Fig. 7) and were listed in Table
3. The correlation coefficients for the pseudo-first-order
kinetic model were high ranging from 0.972 and 0.984.
Moreover, a large difference of equilibrium adsorption
capacity (¢q,) between the experiment and calculation was
observed, indicating a high pseudo first-order fit to the
experimental data. These results confirm the better adsorp-
tion capacity of the LMZ.

The adsorption kinetics can also be described by a pseu-
do-second-order reaction. The pseudo-second-order kinetic
model is based on the assumption that the limiting rate step

2,80
2,10 T y=2,5025x-3,2129
R?2=0,9761
S 140
-]
8
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may be chemisorption, which involves valence forces by
sharing or electron exchange between the adsorbent and the
adsorbate [45, 46]. The pseudo-second-order kinetic model
is given by the following equation.

1k
q, 4’ q. ©)

...where £, is the equilibrium rate constant of pseudo-sec-
ond-order model (g-mol'-min"). The £, ¢,, and the corre-
lation coefficients for AFD adsorption at different concen-
trations ranging from 5 to 50 mg/L were calculated from
the linear plots of #/g, versus ¢ (Fig. 8) and were listed in
Table 3. At all initial acid fuchsin dye concentrations stud-
ied, straight lines with high correlation coefficients were
obtained. The correlation coefficients for the pseudo-sec-
ond-order kinetic model were high, ranging from 0.973
and 0.983. The £, decreases with an increase in initial AFD
concentration. The reason for this behavior can be attrib-
uted to the lower competition for the adsorption surface
sites at lower concentrations. At higher concentrations, the
competition for the surface active sites is high and, conse-
quently, lower sorption rates are obtained. The equilibrium
adsorption capacity (g,), however, increased with an
increase in initial AFD concentration because a large num-
ber of AFD ions are adsorbed at the available adsorption
sites [47-49].

Table 4. Thermodynamic parameters for the AFD dye adsorp-

tion.

Temperature Thermodynamic parameters
(K) AG® (kJmol") | AEP (kJmol") | AS® (Jmol")
298 -18.6169
303 -18.9348 9.087 63.57
313 -19.2526

Thermodynamic Studies

Thermodynamic parameters, including change in
Gibbs free energy (AG®) kJ/mol, enthalpy (AH®) kJ/mol,
and entropy (AS°) J/Kmol, are the actual indicators for
practical application of an adsorption process. According
to the values of these parameters, what process will occur
spontaneously can be determined [25]. The Gibbs free
energy change is an indication of spontaneity of a chemi-
cal reaction and therefore is an important criterion for
spontaneity. Both energy and entropy factors must be con-
sidered in order to determine the Gibbs free energy of the
process [50, 51]. The aim of thermodynamic study is to
establish the thermodynamic parameters that can charac-
terize the adsorption process. The adsorption capacity of
LMZ adsorbent increased with increases in the tempera-
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Fig. 7. Pseudo-fist-order reaction for AFD adsorbed onto laccase-modified zeolite at different concentrations.
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Fig. 8. Pseudo-second-order reaction for AFD adsorbed onto laccase-modified zeolite at different concentrations.
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Fig. 9. Influence of temperature on the thermodynamic behav-
ior of AFD.

ture of the system from 293-303 K. The thermodynamic
parameters were determined using the following equations
[52, 53]

K, = C: (6)

AG° =-RTIh K, (7
AS’ AH’

InK, _[Rj_( RT ] ®)

...where K| is the equilibrium constant, C; is the solid phase
concentration at equilibrium (mg/L), C, is the liquid phase
concentration at equilibrium (mg/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 /n K, against
1/T [54]. Von’t Hoff plot of effect of temperature on adsorp-
tion of AFD on LMZ was illustrate on Fig. 9 and values
were summarized in Table 4.

The AG® values decrease with increases in tempera-
ture, indicating an increased trend in the degree of spon-
taneity and feasibility of AFD adsorption. In the case of
AFD adsorption onto LMZ, the values of Gibbs free ener-
gy of the process at all temperatures are negative. The AG®
values are found to decrease as the temperature increases
in both dye-anion exchanger systems, suggesting that
higher temperatures make the adsorption easier. The neg-
ative value of AG® indicates the adsorption is favorable
and spontaneous [55]. The negative values of AH° further
confirm the exothermic nature of the adsorption process.
Hence, the adsorption of AFD on LMZ is chemical in
nature. The positive values of AS® indicate good affinity of
the anion exchangers for AFD molecules and show an
increase in the degree of freedom for the adsorbed species
[55, 56-58].

Conclusion
In this study, the LMZ for removal of AFD from aque-

ous solution was investigated. Batch adsorption experi-
ments were carried out as a function of pH, contact time,

temperature, and adsorbent dosage. The experiments indi-
cated that LMZ was effective in removal of AFD from
aqueous solutions. For equilibrium studies, two isotherm
models were used in this study (Freundlich and Langmuir
models) for different temperatures, and it is found that the
Langmuir model fitted experimental data very well. The
kinetics of AFD adsorption on LMZ is best described with
the pseudo-first-order kinetics model with correlation coef-
ficient of 0.984. Thermodynamic parameters including
Gibbs free energy, enthalpy, and entropy changes indicated
that the adsorption of AFD onto LMZ adsorbent was feasi-
ble, spontaneous, and endothermic. Results showed that the
LMZ could be an alternative adsorbent material for AFD
removal from aqueous solution.
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