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Dyes adsorption on granular particles of lyophilised Cunninghamella elegans was characterized in terms of
adsorption isotherm and kinetics. The study refers to dyes of an acid bath for wool: Acid Blue 62, Acid Red
266 and Acid Yellow 49. The dye concentration in model solutions - containing a single dye or the three
dyes all together in order to mimic the wastewater — was increased up to about 500 mg/L. Tests showed
that the maximum adsorption capacity of the biomass ranges between 300 and 600 mggye/gpm. Mutual

Keywords: interferences among dyes caused the reduction of the adsorption capacity of the biomass towards the
Biosorption . . . . .

Acid dyes model wastewater. An experimental procedure for the assessment of biosorption kinetics was developed
Kinetics in order to control the effects of the interphase mass transfer on the biosorption rate. The biosorption

kinetics were described by both pseudo-first order and pseudo-second order models, depending on the
saturation level of the sorbent, and was characterized by a time scale of 1-10 min. The role of the molecular
structures of the dyes was discussed. In particular, both kinetics and equilibrium tests confirm that the
biomass is more selective towards AR266, probably for the high negative charge density of the —CF3
functional group that can interact with -NHy active sites of the biomass.

Fungal biomass
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1. Introduction

Wastewaters polluted by dyes represent a relevant issue asso-
ciated with several industries. Dyes, even at low concentrations,
reduce wastewater transparency and oxygen solubility and are
often toxic and mutagenic for the aquatic flora and fauna [1].

Both the aerobic and anaerobic bioremediation processes are
usually hindered by the harsh environment (salt concentration,
pH...) that may inhibit the biological activity of the microor-
ganisms, while physical and chemical treatments of coloured
wastewaters are often technically or economically unfeasible [2,3].
In addition, the wide fluctuations of composition, pH and temper-
ature of the coloured water streams make the treatment processes
still more difficult to design and to control [3]. Chemical and phys-
ical treatments adopted have been reviewed by Robinson et al. [4].
They pointed out that the main disadvantage related with chemical
methods (as Fenton reagents oxidation, ozonations, photochemical
degradations and sodium hypoclorite addition) is the formation of
toxic compounds resulting from the cleavage of the chromophoric
groups. The same phenomenon may also affect the anaerobic biore-
mediation of dye-containing wastewaters [5].
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Adsorption is one of the most reliable and versatile physi-
cal treatments whose effectiveness and economic sustainability is
strictly related to the type of sorbent. The activated carbons are
the most largely adopted sorbents for the removal of pollutants
from water effluents because they are characterized by high uptake
capacity towards different class of substances - from metallic ions
to organic compounds - and by satisfactory mechanical properties
that allow their use in industrial equipments. The main disadvan-
tages of activated carbons are the unit cost of the virgin material
(about 1 US dollar/kg) and the absence of reliable methods for sor-
bent regeneration (thermal regeneration costs are about 1-2 US
dollar/kg).

In the last twenty years, studies concerning the adsorption on
biomass (biosorption) have highlighted its potentiality as a suit-
able method for water remediation. Biosorption is defined as the
passive uptake of organic or inorganic species from aqueous solu-
tions by microbial biomasses (bacteria, yeasts, filamentous fungi
and algae) or waste materials from industry and agriculture (i.e.
pinewood, corncob, bagasse, rice husk, chitosan, etc.). The process
encompasses a number of metabolism-independent phenomena
(physical and chemical adsorptions, electrostatic interaction, ion
exchange, complexation, chelation and micro precipitation) that
mainly take place at the cell wall level [6].

The dye adsorption on biomass provides two main advantages:
(i) biomass is a quite unexpensive sorbent, often recovered as waste
material, and the spent sorbent may be digested through solid state
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Nomenclature

a particle surface per unit volume of particle, 1/m

c dye concentration in liquid phase, mg/L

(c) average dye concentration in the liquid across the
packed bed, mg/L

cr dye concentration in the liquid in the tank, mg/L

cr? dye concentration in the liquid in the tank at t=0,
mg/L

F liquid flow rate, mL/min

k mass transfer rate, 1/s

k1 kinetic constant, 1/min

ko kinetic constant, g/(mg min)

Kr Freundlich constant (mg"-V L)!/"/g

Ky pseudo-equilibrium constant, L/g

M mass of biosorbent, g

n Freundlich exponent

q adsorbed dye concentration, mg/g

(q) average adsorbed dye concentration on the biomass

packed bed, mg/L
Qmax maximum adsorption capacity, mg/g

Tads adsorption rate, mg/(g min)

t time, min

Vg liquid volume in the packed bed, mL

Vr liquid volume in the tank, mL

Subscripts

s value at the liquid-solid interface

eq value approaching equilibrium

1 referred to pseudo-first order kinetic model

2 referred to pseudo-second order kinetic model

ref referred to reference concentration of dye in treated
wastewater

Greek

Amax wavelength of maximum absorbance, nm

€ extinction coefficient, L/(mgcm)

0 critical value of the ratio between adsorbed dye con-

centration and its equilibrium value

fermentations [4]; (ii) the composition of the cell wall and the inac-
tivation procedure (cell disruption through autoclaving) provide
wide diversity of the active sites and large specific surface. The
latter feature enhances the decolourization process of textile efflu-
ents, that usually contain several dyes, each of which characterized
by different functional groups. Only few studies on the biosorption
rates and uptake capacities in model solutions containing multi-
ple dyes - to emulate realistic industrial effluents — are available
in the literature [7-11], and the mechanisms responsible for the
biosorption of dyes are still under investigation.

Even though the elective technology for the adsorption pro-
cessesis the fixed bed, biomasses are often not appropriate for these
apparatus as a consequence of their low mechanical stress resis-
tance, high compressibility, and their tendency to swell in water.
A possible strategy to overcome this issue is the biomass immobi-
lization, but the process becomes definitively very expensive [6].
On the other hand, technologies based on suspended biomass may
be successful but information available in the literature to support
scale-up is still lacking.

The interest in the elucidation of biosorption mechanisms drives
the research towards the selection of proper models to describe
both biosorption kinetics and thermodynamics. This characteriza-
tion becomes more urgent whether the design and the optimization
of industrial adsorbing units are required. For these reasons, the

experimental investigations on batch or continuous biosorption of
dyes and metals are often enriched by the analysis of experimen-
tal data with the most common empirical and theoretical models
[12-14]. The thermodynamic behaviour of dye solution/biomass
systems is mainly investigated by the well known Langmuir and
Freundlich models.

A hindrance to the dye biosorption modelling is posed by the
impurities content of the commercially available dyestuff pow-
ders. In fact, the presence of unknown quantities of additives and
salts does not allow to study the biosorption on molar basis of the
chromophoric compound alone.

The kinetics of dye biosorption is often described by apply-
ing the Lagergren pseudo-first order model and the Ho and
McKay pseudo-second order model. The first is valid for far-from-
saturation conditions, i.e. at the early stage of biosorption on virgin
biomass. The pseudo-second order kinetic model can be success-
fully adopted to describe the biosorption process over a wider time
interval, also close to the equilibrium conditions.

The reported scenario suggests that the development of novel
biomasses having high adsorption capacity towards specific pollu-
tants asks for the characterization of biosorption equilibrium and
kinetics. Recent studies have shown that inactivated biomass of the
zygomycetes Cunninghamella elegans proven to be a reliable and
cost effective alternative to activated carbon to remove dyes and
chromium from water [10,11,15].

The present work moves one step further along the direction of
characterizing the biosorption equilibrium and kinetics of C. elegans
towards acid dyes. The investigation has been carried out with the
aim to assess:

e The biomass equilibrium adsorption capacity in model wastew-
ater containing one or more acid dyes.

¢ The intrinsic biosorption rates adopting experimental procedures
characterized by negligible external mass transport resistance.

The attention has been focused on the acid dye components of
a bath for wool identified as a model wastewater (MW) within the
EC FP6 Project SOPHIED [11]. In particular, Acid Blue 62 (ABu62),
Acid Red 266 (AR266), and Acid Yellow 49 (AY49) were investigated
as single-dye solutions and as MW. The investigation was carried
out in a lab-scale fixed bed device purposely designed to control
the mass transfer rates during the adsorption kinetics tests. The
experimental results were analysed in the light of the Lagergren
and the Ho-McKay pseudo-second order models to estimate the
kinetic parameters related to the biosorption of both single dyes
and MW.

2. Materials and methods
2.1. Dyes

Three acid dyes adopted in dye baths for wool [11] were inves-
tigated (Fig. 1): Acid Blue 62 (ABu62), Acid Red 266 (AR266), Acid
Yellow 49 (AY49). The purity of the dyes (Town End, Leeds, UK)
ranged between 50 and 90 wt.%. Tests were also carried out with
solutions of the three dyes to mimic a real wastewater: mass ratio
among the three dyes was fixed at 1:1:1.

Dyes were dissolved in 2 g/L Na,SO4 solution. The initial con-
centration of the dye in the mono-component solutions ranged
between 50 and 500 mg/L, and the initial overall concentration in
the MW ranged between 60 and 300 mg|/L.

The initial pH of the solutions and of the MW was fixed at 5 by
adding acetic acid according to Prigione et al. [11]
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Fig. 1. Chemical structures of acid dyes: (A) ABu62, (B) AR266 and (C) AY49.

2.2. Biosorbent

C. elegans Lendner (MUT 2861) was obtained from the Mycotheca
Universitatis Taurinensis Collection (MUT, University of Turin,
Department of Plant Biology). It was patented for dye biosorption
[16] and deposited at the Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen (DSMZ-Braunschweig, Germany). Starting
cultures of this fungus were lyophilised and cryopreserved until
use. They were revitalised on MEA and mature conidia for the inoc-
ula and biomass production were obtained from cultures grown on
the same medium in the dark at 24°C for 1 week.

C. elegans was cultured as described by Prigione et al. [15], har-
vested, autoclaved (30 min at 121 °C) and lyophilised (Lyophiliser
LIO 10P, Cinquepascal, Trezzano s/n, Italy). The lyophilised biomass
was sieved in the range 300-600 pm.

2.3. Dye concentration measurement

Dye concentration was measured as optical absorbance of the
solutions by means of a spectrophotometer (Cary 50, Varian Inc.).
The maximum absorption wavelengths (Amax) for the single dye
were: 595 and 636 nm for ABu62; 495 nm for AR266; 401 nm for
AY49. The concentration of the ABu62 was estimated as optical
absorbance at Apmax =636 nm, being the two main peaks of the spec-
trum almost equivalent. Calibration tests were carried out to assess
the extinction coefficient of each dye (¢;).

The spectrum of the MW was compared with those of the sin-
gle dyes to analyse possible mutual interference. The absorbance
at the selected Amax of the three dyes was measured and compared
with the expected value, calculated by means of the ¢; and the con-
centration. The deviation of the measured value with respect to the
expected value was adopted to assess the extinction coefficient for
the three dyes in the MW.

The calibration procedure was carried out both in a 1 mm quartz
flow cell (Starna Scientific Limited, UK) and in plastic disposable
cuvette (Kartell®).

2.4. Apparatus

The apparatus adopted for the characterization of the biosorp-
tion kinetics consisted of a bioadsorption column, a buffer tank,
a gear pump (VG 1000 digit, Verder), and an on-line flow cell.
The column (8 mm LD., and 60 mm high) was made of Plexiglas
and was equipped with stainless steel nets at both end sections
to prevent solids entrainment. The biomass loaded in the col-
umn was mixed with 300 wm glass beads, to prevent bed clogging
and to evenly distribute liquid flow across the bed. The on-line
flow cell housed in the spectrophotometer allowed the continu-
ous measurement (sampling frequency about 0.2 Hz) of the optical
absorbance of the liquid phase. The gear pump provided the con-
tinuous circulation of the dye solution between the buffer tank and

the bioadsorption column under controlled volumetric flow rate
conditions.

The mass of biosorbent loaded in the column ranged between
0.03 and 0.10g. The solution volume in the buffer tank ranged
between 0.1 and 0.2 L.

The equilibrium dye partition between the biosorbent and the
liquid phase was investigated batchwise. Solids agitation during
tests was accomplished by a rotary shaker set at 110 rpm.

Light-catalysed oxidation of the dye was prevented by wrapping
vessels and pipes with aluminium foil.

Tests were carried out at 25°C.

2.5. Experimental procedure and data analysis

2.5.1. Assessment of equilibrium conditions

Prefixed masses of sorbent (M) and volumes of dye solution (V)
were mixed and kept in agitation on an orbital shaker for about 1
day. The solution was periodically sampled. Each sample was cen-
trifuged for 5min at 14,000 rpm and the dye concentration (¢) in
the recovered supernatant was measured. The dye uptake per unit
mass of biomass at equilibrium (q) was determined by the mass
balance:

Mq =V(co —¢) (1)

where ¢y is the initial dye concentration in the liquid phase.

During tests with MW, the concentration of each dye in the liq-
uid was measured and the associated dye uptake on the sorbent
was calculated according to Eq. (1). Each test was carried out in
triplicate.

Some tests were carried out to assess: (i) the role the
spontaneous decoulorization of the solutions (e.g. degradation,
photobleaching or complexation); (ii) the release of coloured
species from the biomass. Accordingly, tests were carried out either
with biomass mixed with dye-less aqueous solution or with mono-
dye solutions without biomass. Within the instrumental accuracy,
any alteration of the colour intensity was observed during the tests.
Therefore, the reduction of colour intensity during the kinetics and
equilibrium experiments can be ascribed only to the occurrence of
biosorption phenomena.

2.5.2. Assessment of biosorption kinetics

The biosorption kinetic was assessed by working out the time-
resolved measurements of the dye concentration in the apparatus
described in Section 2.4. The procedure is based on the following
steps: (i) the biomass was loaded in the adsorption unit and a set
volume of dye solution was loaded in a well mixed buffer tank; (ii)
the liquid started to circulate in the loop at the preset flow rate (F);
(iii) the optical absorbance of the solution in the buffer tank was
measured on-line until a constant value was approached; (iv) the
time-series of the dye concentration in the mixed tank (cr, t) was
calculated by means of the appropriate extinction coefficient.
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The biosorption rate was calculated by means of the mass bal-
ance on the dye. The following conditions were assumed:

(a) perfect mixing of the liquid phase in the buffer tank (volume
Vr);

(b) the fixed bed adsorption unit is operated as a plug flow device
characterized by low dye depletion. Accordingly, a small but
finite concentration gradient establishes along the adsorption
bed. Therefore, the behaviour of the unit is described by means
of average instantaneous values of dye concentration in the
liquid phase, (c), and in the biomass phase, (q);

(c) dye depletion rate in the liquid phase is controlled by the
intraparticle adsorption kinetics, including intraparticle mass
transfer phenomena and superficial reaction;

(d) the adopted apparatus is a closed system, the dye distributes
between the liquid and solid phase.

The hypothesis (c) deserves some details. An intraparticle
adsorption controlled regime establishes if the dye uptake rate
(rags) at the biomass surface is smaller than the mass transfer rate
across the boundary layer in the liquid phase around the particle:

Tads << ka(c —cs) (2)

where k is the mass transfer coefficient in the boundary layer
around a spherical particle of biosorbent, a the particle surface per
unit volume of particle, c and cs the dye concentrations in the liquid
bulk and at the particle-liquid interface, respectively. The crite-
rion Eq. (2) was verified comparing the characteristic time scale
of mass transfer across the boundary layer with the time scale of
the dye adsorption dynamics. In this study, the interphase mass
transfer coefficient k was calculated according to the equations of
Wilson and Geankoplis [17] and Kataoka et al. [18]. Provided that
the time scale of the adsorption process is of the order of magni-
tude of minute, according to the adopted models [17,18] a liquid
flow rate (F=10mL/min) verifies Eq. (2). Therefore, this flow rate
was adopted for all the experimental campaign.

The mass balance on the dye extended to the volume of liquid
(V) in the fixed bed reads:

d{q) d{c)
M a - —Vp a (3)
where M is the mass of biosorbent, (q) and (c) are the average vol-
umetric concentrations of dye in the biomass and in the liquid,
respectively.

The mass balance on the dye extended to the liquid phase in the
buffer tank (V7) reads:

dc
Vg =Flep —cr) (4)

where c;, is the dye concentration in the outlet stream of the
adsorption bed.
As a consequence of the assumption (d) it results:

d{c) ., dcr

VBT = VTE (5)
Working out Egs. (3) and (5) it results:
digp der

M3 = Vo (6)

At any instant, the accumulation of adsorbed dye in the packed
bed is equal to the depletion of the dye in the buffer tank. Said c? the
dye concentration in the liquid phase at the beginning of the test,
the time-resolved concentration (q) may be calculated as a function
of the dye concentration in the buffer tank cy.

@) = 75— ex(t) 7)

3. Theoretical framework
3.1. Kinetics

The dye adsorption rate on biomass was assessed by means of
a rate equation on dye assuming: (i) uniform mixed unit operated
batchwise; (ii) negligible contribution of external mass transfer:

d
5t = Taas(d. Geq) (8

where 1,45 is the adsorption rate of the dye depending on the
instantaneous dye concentration (q) and the dye equilibrium con-
centration (geq). For fresh biomass the initial condition is:

q(t=0)=0 (9)

In the present study, the dye sorption kinetics has been investi-
gated with reference to relevant models available in the literature.
In particular, the Lagergren kinetic model of pseudo-first order (Eq.
(10)) and the kinetic model of pseudo-second order (Eq. (11)) [19]
have been adopted:

Tads(q Geq) = k1(qeq — q) (10)

Tads(qs deq) = k2(qeq — )° (11)

The system of Egs. (8) and (9) has been integrated adopting both
models Eqgs. (10) and (11) and the linearization yields:

1st orderkinetic In(geq — q) = —k1t + In(geq) (12)

2nd orderkinetic © = + L (13)

@ ko ng

The parameters k; and k, were assessed by the numerical
regression of the time-resolved measurements of (q) in agreement
with Egs. (12) and (13). The value of geq in Eq. (12) was estimated
by means of Eq. (7) by setting cr = Creq, the concentration measured
at the end of tests.

3.2. Equilibrium

Experimental data have been worked out in agreement with the
following models:
Langmuir model:

q= Smlt (14)
Linear isotherm:

qg=Kc (15)
Freundlich model:

q=Kgc'/n (16)

4. Results and discussion
4.1. Assessment of dyes biosorption kinetics

The kinetics of acid dyes biosorption on lyophilised biomass
of C. elegans was extensively investigated following the proce-
dures reported in Sections 2.5.2 and 3.1. Relevant results regarding
the kinetics of biosorption of single dye and that of simultaneous
biosorption of three dyes are detailed thereafter.

Fig. 2 shows the typical time-series of the adsorbed dye concen-
tration (q) assessed by working out the data measured during the
biosorption tests. The data refer to a test carried out with a solu-
tion of AR266 (initial concentration cr° =250 mg/L), at circulation
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Fig.2. Time-resolved concentration of adsorbed AR266 on C. elegans. Liquid volume:
0.2L; biomass: 0.03 g; cr° =250 mg/L.

liquid rate of 10 mL/min. The optical absorbance was on-line mea-
sured until it approached a steady state value. Remarkably, 90% of
the equilibrium conditions established within about 25 min.

The assumption (c) reported in Section 2.5.2 can be verified
working out the reported results. The characteristic time scale
assessed for the mass transfer in the packed bed (1/ka) ranged
between 0.7 and 1.3 s, resulting orders of magnitude smaller than
the time scale of the observed adsorption rate. This favourable con-
dition was verified for all the tests carried out in the experimental
campaign.

The time-series of (q) obtained by means of Eq. (7) were worked
out in agreement with Egs. (12) and (13) to assess the parame-
ters of the kinetic models. The linear regression of experimental
data according to Eq. (12) is reported in Fig. 3A and k; resulted
0.143 min~'. The comparison of the regression and the experimen-
tal data suggests that the model can be successfully adopted to
describe the adsorption dynamic far from equilibrium conditions,
within the first 10 min. In other words, the pseudo-first order model
may be adopted provided that

(q)(t)
0
(qeq) =n

(17)

where 61 marks the fraction of biosorbent saturation above which
the expected adsorbed dye concentration departs from the exper-
imental value. With reference to Fig. 3A, 07 resulted 0.83.

The best fitting of the time-series (t/(q)) versus t according
to Eq. (13) is reported in Fig. 3B. The parameter k, resulted
0.0019 gpm/(gdye min). The comparison of the model with exper-
imental data suggests that the model can be successfully adopted
to describe the adsorption dynamic except for the beginning of the
process. Accordingly, the pseudo-second order model satisfactorily
describes the experimental data in the interval:

(q)(t)
0
2= (Geq)

<1 (18)

where 6, marks the fraction of biosorbent saturation below which
the expected value of dye uptake Eq. (18) considerably deviates
from the experimental data. With reference to Fig. 3B, 6, resulted
0.81.

Itisinteresting to note that the intervals of reliability of the mod-
els expressed in terms of the ratio (q)/(geq) overlap: 6, is smaller
than 6. This condition allows to describe the biosorption process
with continuity from the beginning of the test up to the equilibrium.

Fig. 3. Regressions of experimental data (¢, (q)) reported in Fig. 2 in agreement with:
(A)Eq. (12) and (B) Eq. (13).

Biosorption tests carried out with dye solutions of AR266 at ini-
tial concentration ranging between 90 and 250 mggy. /L confirm the
dynamics reported in Fig. 2. Results of linear regression of data
according to Eqs. (12) and (13) for selected tests are reported in
Table 1, together with the values of 61 and 6,. The table also reports
the results of selected tests carried out with dye solutions of ABu62
and AY49 at initial concentration ranging between 90 and 520.
Eventually, also the averaged values of the model parameters and
of 6, and 0, are reported.

The analysis of model parameters in Table 1 suggests that: (i)
there is no effect of the initial concentration of the dye on both the
kinetic parameters and the characteristic ratios 81 and 6,; (ii) the
coexistence of both models (i.e. 6, < 61) applies for almost all oper-
ating conditions tested. Furthermore, the low values of 6, highlight
that the pseudo-second order model could be safely adopted in a
large interval of the adsorption process.

Fig. 4 shows experimental data regarding a biosorption test
carried out with the model wastewater at initial total dye con-
centration of 150 mg/L (MW150). The time-series of each dye
concentration on the sorbent and the total dye uptake have been
reported. It is noteworthy that the concentration of AY49 and of
ABuU62 are characterized by a maximum, particularly marked for
ABu62. This behaviour suggests the occurrence of competitive dye
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Table 1
Parameters of the kinetics model of a representative set of tests. Mono-dye solutions.

Dye cr® mgqpe/L ki, min' 6, ky, gom/(mMggyemin) 6,
AR266 95 0.015 064  0.0001 0.32
170 0.022 0.78  0.0019 0.53
230 0.090 0.88  0.0007 0.83
250 0.143 0.83  0.0019 0.81
Mean? 0.058 078  0.0012 0.59
ABu62 180 0.22 0.89  0.003 0.90
230 0.27 088 001 0.92
350 0.10 0.85  0.001 0.70
450 0.04 0.89  0.001 0.76
520 0.31 091  0.002 0.52
Mean? 0.22 0.88  0.0034 0.85
AY49 100 0.18 092  0.009 0.04
190 0.17 0.87  0.005 0.75
280 0.11 0.88  0.002 0.05
340 0.05 095  0.001 0.02
410 0.07 086 0015 0.73
Mean? 0.13 0.9 0.0064 0.32

2 Value estimated on all tests carried out.

Fig. 4. Time-resolved concentration of dyes on C. elegans. Liquid volume: 0.1L;
biomass: 0.03 g; cr° =150 mg/L.

M.E. Russo et al. / Chemical Engineering Journal 162 (2010) 537-545

adsorption phenomena: all the three dyes are adsorbed at higher
rates at the beginning of the process, but once the fraction of free
active sites diminishes the competition among dyes appears [20].
In the reported test, further adsorption of AR266 was coupled with
partial desorption of both ABu62 and AY49, therefore the biomass
showed higher selectivity towards the red dye. The analysis of the
time-series of each dye concentration in agreement with the kinetic
models (Egs. (12) and (13)) provided the parameters k1, k, 61 and
6, for the MW reported in Table 2.

Tests carried out with the MW at nominal total dye concentra-
tion 60 and 350 mg/L confirmed the behaviour observed in Fig. 5.
Table 2 reports the value of the kinetic parameters and of #; and 6.
The parameters ki and k; are higher than the values assessed for
single dye biosorption tests. The overlapping of the pseudo-first
and the pseudo-second order models is still recognized (65 <61),
except for the most concentrated MW. It is noteworthy that ABu62
is characterized by 6, larger than 1 because the curve (t,q) shows a
maximum larger than the equilibrium value geq (see Fig. 4).

At the best of our knowledge, the presented results concerning
biosorption kinetics cannot be safely compared to those available
in the literature due to the different operating conditions applied
(e.g. Vijayaraghavan et al. [21]).

4.2. Assessment of biosorption equilibrium

The equilibrium data of biosorption of the dyes on C. elegans
lyophilised biomass are reported in Fig. 5. The pH at the beginning
of tests was set at 5 as described in Section 2.1, and at the end of the
tests increased up to 6-7. Present investigation coupled with tests
concerning the biosorption of the MW on lyophylised biomass up to
saturation (Table 3) showed that the biosorption capacity is almost
constant provided that the equilibrium pH ranges between 6 and
7. Therefore, the data of equilibrium measured under the operating
conditions adopted in the present study do not depend on the pH
and may be worked out accordingly to the models reported in Sec-
tion 3.2. Furthermore, the adsorption isotherms confirm that the
AR266 is characterized by the largest affinity towards C. elegans
biomass. The biosorption of ABu62 on C. elegans was successfully
described by the Langmuir model (Eq. (14)) and it is character-
ized by a maximum adsorption capacity of about 300 mggye/gpm.
The biosorption of AY49 was linear with the dye concentration
in the liquid phase and characterized by a repartition coefficient

Table 2
Parameters of the kinetics model of a representative set of tests. Model wastewater.
Dye Model wastewater cr%?, mgaye/L ki, min—! 04 k2, gom/mgaye min 6,
AR266 MW60 65 0.04 0.86 0.0192 0.33
MW150 123 0.038 0.96 0.0011 0.29
MW350 360 0.18 0.42 0.0008 0.64
Mean 0.086 0.75 0.007 0.42
ABu62 MW60 65 0.19 0.85 0.03 0.62
MW150 123 0.93 0.93 0.061 1.46
MW350 360 1.06 0.9 0.005 13
Mean 0.73 0.89 0.032 1.13
AY49 MW60 65 0.21 0.86 0.065 0.66
MW150 123 0.17 0.9 0.025 0.75
MW350 360 0.45 0.75 0.210 0.94
Mean 0.28 0.84 0.10 0.78
2 The mass ratio among the dyes was 1:1:1.
Table 3
Maximum biosorption capacity as a function of the initial pH for the model wastewater, after Tigini et al. [22].
Initial pH 3 5 7 9 11
Average pH at the equilibrium 3 6.4 7.1 7.3 10
Maximum adsorption capacity, mgaye/gpm 1035+17 824 +23 930+91 945+ 104 667 £67
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Fig. 5. Equilibrium data of biosorption of single acid dyes. ABu62: solid
line—Langmuir isotherm (Eq. (14)). AY49: solid line—linear isotherm (Eq. (15)).
AR266: solid line—Langmuir isotherm (Eq. (14)); dashed line—Freundlich isotherm
(Eq. (16)).

Table 4
Parameters of the equilibrium models reported in Section 3.2.

Fig. 6. Equilibrium data of simultaneous biosorption of three acid dyes.

0.848 L/gpm. The Freundlich model (Eq. (16)) successfully describes
the equilibrium data of AR266. Parameters of the equilibrium mod-
els were assessed for each dye and are reported in Table 4.

Fig. 6 details the equilibrium data referred to each dye measured
during the equilibrium tests carried out with the MW. The total dye
concentration at equilibrium in the liquid and in the sorbent phases
isalsoreported in Fig. 6 and has been worked out in agreement with
both the Langmuir and the Freundlich models. The parameter mod-
els referred to the total dye concentration are reported in Table 4.
The analysis of the equilibrium data shows that C. elegans biomass
is characterized by a remarkable decrease in the biosorption capac-
ity with reference to both ABu26 and AY49, when compared with
single dye solutions. On the other hand, biosorption capacity of
AR266 appears to be less affected by the presence of the other two
dyes, mirroring the same results observed for the adsorption kinetic
studies.

The different biosorption affinity/capacity of the C. elegans with
respect to the three dyes may be interpreted taking into account
several factors, including pH, ionic strength, dye features (molecu-
lar weight, characteristics of the main functional groups, molecular
structure), simultaneous presence of different dyes and their con-
centration [6,12].

4.2.1. Temperature, salt concentration, pH

Tests have been carried out setting temperature, salt concentra-
tion and initial pH at fixed values. Furthermore, the small increase
of the equilibrium pH with respect to the initial pH does not affect
significantly the biomass adsorption capacity. As a consequence,
the different behaviour observed during tests cannot be ascribed
to any of these factors, but rather to specific features of the inves-
tigated dye.

4.2.2. Dye features

The molecular weight of the three dyes is quite close each other.
The molecule charges are comparable and there is a sulphonic
group - responsible of the salt formation - and an ammine group
for each dye. Therefore, the different affinity of the biomass towards
the dyes is not due to these features, as suggested by Maghami and

Qmax,» M&dye/8DM Ki, L/mggye K, L/gpm n Kr (mgaye™1L)1" [gpy
ABu62 300 0.024 - - _
AR266 610 0.043 - 3.7 114
AY49 - - 0.848 _ _
MW 420 0.006 - 2.2 19
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Roberts [23]. Anyway, the functional groups specific of each dye
(Fig. 1) can be considered responsible for the different adsorption
capacities of the biomass towards each dye as well as for the marked
selectivity towards AR226. In particular, the —CF; functional group
characterized by a high negative charge density that may allow a
suitable interactions with the -NHy active sites of the biomass.

Interesting results may be pointed out when comparing the C.
elegans affinity/capacity towards the dyes investigated with data
available in the literature: the maximum adsorption capacity is
definitively higher than the value reported in previous investiga-
tions. As an example, Kiran et al. [24] reported that Cephalosporium
aphidicola was characterized by (max=109mggye/gpm towards
AR57. Aspergillus niger, Phellinus ignarius, Fomes fomentarius
and Rhizopus stolonifer were characterized by qmax as large as
230 mgqye/gpm towards Congo red, Methylene blue, Rodhamina
B and Bromophenol blue [25]. Similarly, the occurrence of strong
mutual interferences between acid dyes during adsorption tests is
observed according with previous results reported in the literature
[6,7,12,13,26].

5. Conclusions

Acid dye - Acid Blue 62, Acid Red 266, Acid Yellow 49 - in mono-
dye solutions and in multi-dye solutions have been successfully
adsorbed on lyophilised biomass of C. elegans. Kinetic rates and
equilibrium conditions of the biosorption have been characterized.

The kinetic characterization has been carried out paying atten-
tion at the assessment of the intrinsic adsorption rates, a key
phenomenon in the design and optimization of the adsorption unit
regardless typology of two-phase contact technology (agitated ves-
sel, fixed bed columns, fluidized bed columns, etc.). Experimental
apparatus and procedures have been purposely developed for the
assessment of the biosorption kinetic. The system aimed to control
the fluid-particle mass transfer rate and, in particular, the appa-
ratus was operated under operating conditions characterized by
external mass transfer rate negligible with respect to the intraparti-
cle adsorption rates. Accordingly, reliable intraparticle biosorption
kinetics may be determined and it may be adopted as a soundness
tool to compare different sorbents. The intraparticle kinetics cou-
pled with external mass transfer relationships - available for the
different typologies of two-phase contact systems — allow to design,
control and optimize bioadsorption units.

The adsorption capacity of C. elegans versus the investigated
dyes resulted larger than capacities reported in the literature and
recently reviewed by Aksu [12]. Both kinetics and equilibrium tests
confirm that the biomass is more selective towards AR266, proba-
bly for the high negative charge density of the —-CF; functional that
may easily interact with the —-NHy active sites of the biomass.

The adsorption kinetic was described by means of a pseudo-first
order model and a pseudo-second order model. The first is valid
for far-from-saturation conditions, i.e. at the beginning of biosorp-
tion on virgin biomass. The pseudo-second order kinetic model can
be successfully adopted to describe the biosorption process over a
wider time interval, close to the equilibrium conditions.

Biosorption tests carried out with multi-dye solutions highlight
that the adsorption capacity of the biomass decreases and the kinet-
ics increased when compared with data assessed for single dye
solution tests. As a consequence, the design of biosorption units
based on single-dye investigation may lead to unreliable results
data. The effects of the interaction between dye-molecules on the
biosorption process need to be further investigated.

Even though reliable guidelines for the design, control and opti-
mization of an adsorber for dye removal with biomasses of C.
elegans is far from being accomplished, a preliminary estimation
of the characteristic time scale of the biosorption process can be

obtained from the kinetic parameters assessed in the present study.
According to the pseudo-first order model, the reciprocal of kq
yields the time scale of the adsorption process. In particular, for
all the dyes the reciprocal of k; ranges between few minute and a
dozens of minute. According to the pseudo-second order model,
the characteristic time scale may be assessed as the reciprocal
of the product k,qrer, Where g is the adsorbed dye concentra-
tion in the outlet stream. Assuming an average value of k; and
O(qyef) =102 mggye/gpm, the characteristic time scale of the biosorp-
tion process still ranges between 1 and 10 min. As a rule of thumb,
the space-time of the adsorption unit for the system investigated
results to be of the order of a dozen of minutes.
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