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In this research, the mass transfer kinetics for the biosorption of synthetic dyes (acid blue 9 and FD&C
red no. 40) by Spirulina platensis nanoparticles was analyzed under different experimental conditions.
The external mass transfer model (EMTM) and the homogeneous solid diffusion model (HSDM) were
employed to study the mass transfer kinetics and also to estimate the values of external mass transfer
coefficient (k;) and intraparticle diffusion coefficient (Dj,¢). The Biot number (Bi) was used to verify the
importance of external mass transfer in relation to intraparticle diffusion. The values of external mass

gfg:‘;f::ﬁl;er transfer coefficient (k;) ranged from 1.67 x 1076 to 11.40 x 108 cms~' and the intraparticle diffusion
Biosorption coefficient (Dj,) ranged from 0.70 x 10~'% to 4.30 x 10~ % cm? s~!. The Biot numbers (0.53 <Bi<10.33)
Diffusion showed that, for both dyes, the biosorption onto S. platensis nanoparticles was controlled simultaneously
Dyes by external mass transfer and intraparticle diffusion.

Mass transfer
Microalgae
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1. Introduction

The inadequate disposal of wastewaters originated from dye
production and application present a very serious environmental
problem [1], being a risk to the aquatic ecosystems and to human
health [2,3]. Many methods have been employed to remove syn-
thetic dyes from industrial effluents [3-5]. Among these methods,
the biosorption is an emergent, competitive, effective and inexpen-
sive technology which reduces the concentration of synthetic dyes
to acceptable levels [5-9]. For this purpose, various biosorbents,
such as, fungi, bacteria, chitosan, peat and algae are reported in
the literature [2,5-11]. Recently, the microalgae Spirulina platensis
was proposed as an alternative biosorbent to removal dyes from
wastewater [9,12,13], however, researches about its application
are limited.

S. platensis is available in large quantities, is largely cultivated
throughout worldwide and relatively cheap [14-16]. In addition, its
biomass contains a variety of functional groups, such as, carboxyl,
hydroxyl, sulfate and other charged groups which can be responsi-
ble for pollutants binding [9,12,16-18]. These characteristics show
that the S. platensis is a promising biosorbent [16-18]. However, all
properties of S. platensis are not accessible in the natural form of the
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biomass. In this way, our research group has prepared S. platensis
nanoparticles to improve its biosorption proprieties [12]. In our
recent study [12], the equilibrium and thermodynamics for the
biosorption of food dyes onto S. platensis nanoparticles were eluci-
dated, but there is no information in the literature about the mass
transfer kinetics of dyes biosorption onto S. platensis nanoparticles.

In biosorption systems, it is fundamental the study of the mass
transfer kinetics and the potential rate controlling steps [5]. From
this analysis, the solute uptake rate, which determines the resi-
dence time required for completion of biosorption reaction, may
be established [5,19]. Biosorption mass transfer kinetics must con-
sider the three following steps: external mass transfer, intraparticle
diffusion and uptake of molecules by the active sites [5,20-22].
Generally, for dye removal by biosorbents, this last step is very fast
[5,7,9,12], so, the process is controlled by external mass transfer
or/and intraparticle diffusion. These steps can be affected by vari-
ous factors [5,7,11,20,22], being important verify its influences for
design purposes.

This work aimed to elucidate the mass transfer kinetics of the
synthetic dyes (acid blue 9 and FD&C red no. 40) biosorption
onto S. platensis nanoparticles. The nanoparticles were obtained
from S. platensis dead biomass and characterized by dynamic light
scattering (DLS), N,-adsorption isotherms (BET method) and scan-
ning electron microscopy (SEM). The mass transfer kinetics was
analyzed under different conditions of pH (2-4) and stirring rate
(50-400) by the external mass transfer (EMTM) and the homoge-
neous solid diffusion (HSDM) models.
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Fig. 1. Optimized three-dimensional structural formulae of the dyes: (a) acid blue
9 and (b) FD&C red no. 40.

2. Materials and methods
2.1. Dyes

The synthetic dyes acid blue 9 (triphenylmethane dye, molec-
ular weight 792.8gmol~1, color index 42,090, Amax=408nm,
pK,=5.6 and 6.6) and FD&C red no. 40 (azo dye, molecular weight
496.4gmol~1, color index 16,045, Amax =500 nm, pK, =11.4) were
supplied by local manufacturer, Plury Chemical Ltd., with a purity
higher than 85%. The optimized three-dimensional structural for-
mulae of the dyes (obtained from ChemBio 3D 11.0.1 software
(Cambridge Soft, USA)) are shown in Fig. 1. The dyes wavelength
is constant with the pH. Distilled water was used to prepare all
solutions. All reagents were of analytical-grade.

2.2. Preparation and characterization of S. platensis nanoparticles

S. platensis nanoparticles were prepared by a previously
reported mechanical agitation method [12].In summary, S. platensis
strain LEB-52 was cultivated in a 450L open outdoor photo-
bioreactors, being the biomass recovered with a moisture content
of 0.76kgkg=! (wet basis) [23]. The wet biomass was dried
[24], ground (Wiley Mill Standard, no. 03, USA) and sieved until
the discrete particle size ranged from 68 to 75 wm. The sieved
biomass (250 mg) was added in distilled water (90mL) and the
pH was adjusted (2, 3 and 4) using 10mL of a buffer disodium
phosphate/citric acid solution (0.1 molL-1). The suspension was

agitated (Dremel, 1100-01, Brazil) at 10,000 rpm for 20 min [12].
Detailed information can be obtained in the literature [12,23,24].

The mean diameter (dp) and polydispersity index (PDI) of the
nanoparticles were obtained by dynamic light scattering (DLS) [25].
The dynamic light scattering equipment was constituted by a laser
(Spectra-physics, 127, USA) coupled to a goniometer (Brookheaven,
BI-200M, USA) and a digital correlator (Brookheaven, BI-9000AT,
USA).

The specific surface area, pore volume and average pore radius
of the nanoparticles were obtained by a volumetric adsorption
analyzer (Quantachrome Instruments, New Win 2, USA) using the
Bennett, Emmet and Teller (BET) method [26]. The apparent den-
sity and void fraction of the nanoparticles were estimated by the
following equations [26]:

1 1

Vp— — — — 1
p/’p Ps M

epo1- 12 (2)
S

where p, is the apparent density (kg m~3), ps is the solid density

(kg m~3), V, is the pore volume (m? kg~1) and &, is the void fraction.
In order to verify the surface morphology of S. platensis nanopar-

ticles, and also to confirm its mean diameter, images were obtained

from scanning electron microscopy (SEM) (Jeol, JSM-6060, Japan)

[8].

2.3. Biosorption experiments

The biosorption experiments were carried out using batch sys-
tems at different values of pH (2, 3 and 4) and stirring rate (50, 225
and 400 rpm) (These values were determined from the literature
and preliminary tests.). Firstly, 100 mL of a suspension contain-
ing 250 mg of S. platensis nanoparticles had the pH adjusted (2, 3
and 4) (Mars, MB10, Brazil) through the 50 mL of buffer disodium
phosphate/citric acid solution (0.1 mol L-1), which did not present
interaction with the dyes [10]. After, 50 mL of a solution contain-
ing 10g L1 of dye was added to each S. platensis suspension, and
it was completed to 1L with distilled water, thus, the initial dye
concentration was approximately 500 mgL~1.

The experiments were carried out in a jar test (Nova etica, 218
MBD, Brazil), under ambient temperature (25 +1°C) [12]. Aliquots
were withdrawn in preset time intervals (2,4, 6, 8,10, 15, 20, 25, 30,
40, 60, 80, 100 and 120 min). The biomass and biosorbed dyes were
removed from the liquid through a filtration with Whatmann Filter
Paper no. 40, which did not present interaction with the dyes [10],
and the dyes concentration was determined by spectrophotometry
(Quimis, Q108, Brazil). All experiments were carried out in replicate
(n=3) and blanks were performed.

The mean biosorption capacity at time “t” (q;) (mgg~!) was
calculated as follows:

_G-G,y, (3)

qe p

where Cy is the initial dye concentration in liquid phase (mgL-1),
C; is the dye concentration in liquid phase at time t (mgL-1), m is
biosorbent amount (g) and V is the volume of suspension (L).

2.4. Analysis of mass transfer kinetics

In this work, the mass transfer kinetics was analyzed as follows:
Firstly, to identify the different mass transfer steps that occur in the
biosorption process, the experimental values of “q;” were plotted as
afunction of “t9°” [27]. After, EMTM (external mass transfer model)
and HSDM (homogeneous solid diffusion model) models were fit-
ted with the experimental data (first and second linear portions,
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respectively) in order to estimate the external mass transfer coef-
ficient (k) and the intraparticle diffusion coefficient (D). Finally,
the Biot number (Bi) was calculated to verify the relative impor-
tance of external mass transfer to intraparticle diffusion [28,29].

The EMTM is based upon the assumption that the external mass
transport is controlling the overall rate of biosorption [26]. Accord-
ing to Suzuki [28], in this case, the solute concentration in the
particle is assumed to be uniform, and the mass transfer can be
represented by the following equation:

dc,
dt

where C; is the solute concentration at the external surface of the

biosorbent (mgL-1), ks is the external mass transfer coefficient

(cms~1)and S (cm~1) is defined as follows:

___6(m/Vv)

~ dppp(1 —&p)

When t— 0, Cs — 0 and C; — Cp, this manner, Eq. (4) can be inte-
grated leading to [28]:

= —kaA(Ct — Cg) (4)

Sa (5)

(% = exp(—KkgSat) (6)
In this way, Eq. (6) can be fitted to the experimental data to check
the biosorption mechanism, and also the k;values can be estimated.

When mass transfer resistance is internal, intraparticle diffusion
controls the process. In this case, the HSDM can describe the mass
transfer in an amorphous and homogeneous sphere [28] for a uni-
directional and isothermal process [29]. If intraparticle diffusivity
is considered constant, the HSDM can be presented in the form of
[28]:

99  (Dine) 0 20q

a= ()5 (75 )
where Dj, is the intraparticle diffusion coefficient (cm2s-1), r is
the radial position (cm), and g the biosorption quantity of solute in

the solid (mg g~1) varying with radial position at time t. The initial
and boundary conditions are presented as follows [22,28,29]:

q(r,0)=0 (8)

d
q (Zpy t) ={(e (9)
aq _
<8r>r0 0 o

where ¢, is the biosorption capacity at equilibrium (mgg=1).
The balance for the batch system is given by Eq. (11) [28]:

()= m(%)

In the concentration range of this work, the Henry model
showed a good fit with the equilibrium experimental data in
the biosorption of both dyes onto S. platensis nanoparticles (see
Supplementary material). Then, the relationship between the equi-
librium concentrations of the fluid phase and biosorbed phase can
be considered linear. In this case, for finite volume process, Crank
[30] developed a solution for Eq. (7), which can be approximated
to the first term of series when the Fourier number is higher than
0.2:

9 _q_ 6o(a + 1) exp(—qaDinct/R3)

Qe 9+ 9a + q2a2

(12)

where R, is the particle radius (cm), « is the effective vol-
ume ratio, expressed as a function of the equilibrium partition

Table 1

Characteristics of S. platensis nanoparticles.
Characteristic Value?
Polydispersity index (PDI) 0.150 £+ 0.010
Mean diameter (d,) (nm) 215+ 10
Specific surface area (Ss) (m2g~1) 14.0 £ 0.1
Pore volume (V}) (m3 kg') x 108 6.9 + 0.1
Average pore radius (Ag) (A) 230+ 0.2
Solid density (os) (kgm=3) 13915+ 1.2
Apparent density (p,) (kgm~3) 13783 £ 1.5
Void fraction (&) 0.010 £ 0.002

2 Mean + standard error in triplicate.

coefficient (solid/liquid concentration ratio) (C./Cy — C¢) and g, can
be obtained as follows:
3qn

tan gqp =
n 3+ aq

(13)

This manner, from Eq. (8) it is possible to estimate the intra-
particle diffusion coefficient (D) values.

The influence of each mass transfer step on the dye biosorp-
tion resistance was found by a non-dimensional Biot number (Bi),
which reflects the relative importance of external mass transfer to
intraparticle diffusion. The Biot number is defined as follows [31]:

kfdeo

l= ——— 14
20pDintqo (14)

where qo (mg g~1)is the solid phase concentration in the biosorbent
in equilibrium with a residual hypothetical liquid concentration.

2.5. Non-linear regression analysis

The mass transfer coefficients (k; and Dj,.) were determined
from the fit of the models to the experimental data by non-linear
regression, using Statistic 7.0 software (Statsoft, USA) through
Quasi-Newton estimation method. The fit quality was measured
by the coefficient of determination (R?) and average relative error
(ARE).

3. Results and discussion
3.1. Characteristics of S. platensis nanoparticles

The characteristics of S. platensis nanoparticles are shown in
Table 1. The PDI value (Table 1) shows that the S. platensis nanopar-
ticles were stable, relatively monodisperse and presented a little
variation in the size. According to Bruce and Pecora [32], a near-
monodisperse system would have a PDI value of 0.2 or lower. Fig. 2
shows the SEM images of S. platensis nanoparticles. In Fig. 2 is shown
that S. platensis nanoparticles presented a size distribution in the
range from 50 to 500 nm. Nanoparticles are commonly described
as solid colloidal particles, ranging in size from 10 nm to 1000 nm
[32]. In addition, it can be observed in Fig. 2 that the nanoparticles
were homogeneous, with ellipsoidal-spherical forms.

3.2. Mass transfer kinetics

To identify the mass transfer steps that occur in the biosorption
process, the biosorption capacity as a function of the square root of
time was plotted [27,33]. According to Weber and Morris [27], the
plot g¢ versus t9° shows multi-linearity, and each portion repre-
sents a distinct mass transfer step. The first portion is the external
mass transfer or instantaneous adsorption step. The second portion
is the gradual adsorption step where the intraparticle diffusion can
be rate controlling. The third portion is the final equilibrium [27].
The Weber-Morris plots of the acid blue 9 and FD&C red no. 40
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Fig. 2. SEM images of S. platensis nanoparticles: (a) 33,000x; (b) 13,000 x.

biosorption onto S. platensis nanoparticles under different condi-
tions of pH and stirring rate are shown in Figs. 3 and 4, respectively
(the curves of C; versus time at the same conditions are presented
in Supplementary material).

Figs. 3 and 4 presented the multi-linearity with two distinct
phases. The initial portion is relative to the external mass transfer.
The second portion describes the gradual biosorption step, where
intraparticle diffusion control is rate limiting. This shows that the
external mass transfer and intraparticle diffusion occurred simul-
taneously during the biosorption of acid blue 9 and FD&C red no.
40 onto S. platensis nanoparticles.

In order to estimate the external mass transfer coefficient (k)
and the intraparticle diffusion coefficient (Dj,), the experimental
data of the first portion of Weber-Morris plot were fitted with the
EMTM (Eq.(6)), and experimental data of second portion were fitted
with HSDM (Eq. (12)). The mass transfer coefficients (kr and Dj,)
and Biot number (Eq. (14)) for the synthetic dyes biosorption onto
S. platensis nanoparticles are shown in Table 2.

As can be seen in Table 2, the external mass transfer
model (EMTM) presented good fit with the experimental data in
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Fig. 3. Weber—Morris plots of acid blue 9 biosorption onto S. platensis nanoparticles:
(a) pH effect (400 rpm) and (b) stirring rate effect (pH 2).

relation to the first portion of the Weber-Morris plot (R2>0.95
and ARE <4.00%). In the same way, the HSDM model presented
good fit with the experimental data for the second portion of the
Weber-Morris plot (R?>0.95 and ARE <8.00%). In Table 2, three
aspects can be noted in relation to the kf values. First aspect, in
general, the k; values were increased with the pH decrease. This
suggests that the pH decrease lead to an increase in biosorption
rate, and consequently, the contribution of external mass transfer
is decreased. This occurred because in low values of pH, the dyes
sulfonated groups were more rapidly dissociated; in addition, the
S. platensis surface is easily protonated, consequently, the electro-
static attraction was increased, facilitating the mass transfer in the
external layer. The same dependence of k; with the pH was demon-
strated by Piccin et al. [34]. Second aspect, the stirring rate increase
caused an increase in the kf values. This occurred because the stir-
ring rate increase causes an increase in the energy dissipation and
turbulence in the mixing zone, leading to an increase in system
mobility. This manner, a decrease in the external film thickness
occurs, decreasing the external resistance and consequently, facil-
itating the transference across the external layer. Similar behavior
was obtained by other researches [11,20,26]. Third aspect, the k¢
values for the acid blue 9 were lower than k; values for the FD&C
red no. 40. This can be occurred because acid blue 9 had a higher
and more ramified molecular structure (Fig. 1). As consequence, its
molecular diffusivity is lower [28,29], hindering the transference
across the external layer.

The intraparticle diffusion coefficient values not presented ten-
dency in relation to the pH and stirring rate, however, in general
were higher for the FD&C red no. 40 (Table 2). This can be occurred
because FD&C red no. 40 had a lower molecular structure (Fig. 1),
facilitating its transference inside of the S. platensis nanoparticles.



should be considered. For Bi < 0.5, it exists a complete dominance of
the external resistance, while for Bi > 10, the external mass transfer
can be neglected, and considerable dominance of the intraparticle

G.L. Dotto, L.A.A. Pinto / Biochemical Engineering Journal 68 (2012) 85-90 89
Table 2
Mass transfer coefficients (ks and Di,) and Biot number (Bi) for the synthetic dyes biosorption onto S. platensis nanoparticles.
Dye pH Stirring rate (rpm) EMTM HSDM Biot number
ke (x10%cms—1) R? ARE (%) Dine (x10™ cm?s~1) R? ARE (%)
50 2.68 0.972 2.01 0.70 0.955 6.78 0.95
2 225 6.68 0.994 1.28 2.10 0.993 0.21 0.80
400 6.75 0.994 1.35 2.09 0.998 0.12 0.81
50 2.74 0.968 2.14 0.75 0.954 7.54 1.05
Acid blue 9 3 225 3.59 0.977 2.44 0.97 0.954 456 1.07
400 5.38 0.988 1.50 1.94 0.999 0.78 0.80
50 1.67 0.956 1.88 1.03 0.999 0.17 0.53
4 225 2.86 0.968 2.23 1.55 0.961 523 0.60
400 4.41 0.993 1.29 1.17 0.962 2.82 1.22
50 8.19 0.994 0.24 3.21 0.992 1.15 2.46
2 225 9.97 0.955 0.90 2.36 0.992 2.73 4.07
400 11.40 0.986 0.52 1.92 0.996 1.45 5.73
50 3.59 0.958 031 4.30 0.979 6.26 1.04
FD&C red no. 40 3 225 9.51 0.957 3.50 1.15 0.967 735 1033
400 10.80 0.965 0.82 1.37 0.971 323 9.89
50 1.75 0.958 0.45 1.82 0.988 539 1.65
4 225 7.81 0.957 2.30 1.65 0.998 1.01 8.14
400 9.32 0.994 0.18 1.66 0.979 5.44 9.65
(a) 400 1 In Table 2, it was observed that the Biot numbers for the acid
G blue 9 were lower than the Biot numbers for the FD&C red no. 40.
This shows that the external mass transfer was more important in
300 the biosorption of acid blue 9. In spite of this, for the biosorption
of both dyes, the external mass transfer and intraparticle diffusion
250
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Fig.4. Weber-Morris plots of FD&C red no. 40 biosorption onto S. platensis nanopar-
ticles: (a) pH effect (400 rpm) and (b) stirring rate effect (pH 2).

Similar behavior was obtained by Leyva-Ramos et al. [26] in the
adsorption of organic compounds on activated carbon cloth. The
intraparticle diffusion coefficient values obtained in this research
were in the range of 10~14 cm? s=! (Table 2). Intraparticle diffusion
coefficient values in the range from 10-'4 to 10~ cm2s~! were
obtained by Sushanta and Uday [35] in the adsorption of Cr(IIl) and
Cr(VI) from aqueous solutions by crystalline titanium oxide.

resistance exists [31,36]. On the basis in the Biot numbers presented
in Table 2, it can be affirmed that the biosorption was con-
trolled simultaneously by external mass transfer and intraparticle
diffusion.

4. Conclusion

The mass transfer kinetics for the biosorption of synthetic dyes
(acid blue 9 and FD&C red no. 40) by S. platensis nanoparticles
was analyzed at different conditions of pH and stirring rate. For
both dyes, the biosorption occurred by external mass transfer
and intraparticle diffusion. The pH decrease and the stirring rate
increase caused an increase in the k; values, which varied from
1.67 x 10~%t011.40 x 10-6 cm s~!. The intraparticle diffusivity val-
ues not presented tendency in relation to the pH and stirring
rate, with range from 0.70 x 10~ t04.30 x 10~ 1% cm? s~!. The Biot
numbers (0.53 < Bi < 10.33) showed that the biosorption was con-
trolled simultaneously by external mass transfer and intraparticle
diffusion.
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