Journal of Hazardous Materials 168 (2009) 406-415

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Immobilization of Trichoderma viride for enhanced methylene blue biosorption:
Batch and column studies

Asma Saeed?, Muhammad Igbal®*, Saeed Igbal ZafarP

a Biotechnology Group, Centre for Environment Protection Studies, PCSIR Laboratories Complex, Ferozepur Road, Lahore 54600, Pakistan
b School of Biological Sciences, University of Punjab, Lahore 54590, Pakistan

ARTICLE INFO ABSTRACT

Article history:

Received 22 September 2008

Received in revised form 16 January 2009
Accepted 9 February 2009

Available online 21 February 2009

An efficient dye biosorbent was developed by entrapping a fungus mold, Trichoderma viride, within loofa
sponge (LS) matirx. Immobilization enhanced the sorption of dye by 30% at equilibrium as compared with
T. viride free biomass (TVFB). The maximum dye biosorption capacity of T. viride immobilized onto loofa
sponge (TVILS) and TVFB was found to be 201.52 and 155.06 mg g~' biomass, respectively. The kinetics of
dye removal by TVILS was rapid, with 84.3% sorption within the first 30 min and equilibrium after 90 min,
whereas sorption by TVFB was slower as 61.4% dye was removed in first 30 min and equilibrium was
achieved in 120 min. Biosorption kinetics and equilibria followed the pseudo-second-order and Langmuir
adsorption models. FTIR spectroscopy of T. viride biomass showed that amine, hydroxyl, carbonyl and
amide bonds were involved in the sorption of dye. Dye desorption from dye-laden TVILS with 0.1 M HCI
was 99%. Regenerated TVILS was reusable without any appreciable decrease in its biosorption capacity
during five repeated cycles. The dye removing capacity of TVILS in a continuous-flow column bioreactor
was better than in batch-scale procedures. The study shows that TVILS has the potential of application
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as an efficient biosorbent for the removal of methylene blue from aqueous solutions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic dyes are released into the environment through indus-
trial effluents [1]. Effluents containing synthetic dyes are hazardous
to ecological systems and public health [2,3]. Due to these concerns,
the removal of dyes from wastewaters has received considerable
attention [4]. Treatment of dye-containing effluents is currently
based on a variety of physicochemical procedures [5], which are
usually inefficient, costly, and little adaptable to a wide range of
dye wastewaters [6]. These inadequacies of the currently used pro-
cedures have led to studies on alternative methods that may be
applied more efficiently and effectively.

Several investigations have focussed on biosorption of dyes by
microorganisms, such as algae [7], fungi [8], bacteria [9] and yeasts
[10]. Fungal biomass, among these, has been projected as efficient
and inexpensive sorbent that can be produced at low-cost [11], or
is available as waste from various industrial processes [12]. The use
of fungal biomass for the remediation of dye effluents on a practical
scale, however, has been hindered by operational limitations asso-
ciated with their physical characteristics, such as small particle size
with low density, poor mechanical strength and low rigidity, and the
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solid-liquid phase separation [13]. A further problem is associated
with fragmentation of the hyphal biomass and cell mass sedi-
mentation causing flow restrictions in the continuous-flow contact
vessels. This has led to interest in the use of entrapped biomass as
immobilized biosorption systems. Several immobilization media,
such as sodium alginates and polysulfone [14], carboxymethyl-
cellulose [15], and polyvinyl alcohol [16] have been used for the
purpose. Due to their closed embedding structures, the immobiliza-
tion matrices based on these polymeric gels, however, may cause
mass transfer resistance resulting in restricted dye diffusion [13].
Their use is further limited by their insufficient mechanical strength
and the lack of open spaces to accommodate active cell growth
resulting in their rupture and cell release into the growth medium
[17]. These problems were overcome by the application of fibrous
network of loofa sponge (LS) and papaya wood in a novel procedure
of fungal hyphae immobilization [18,19]. The biostructural matrix
of these plant materials has extensive surface area, depressions
and cavities making it ideally suited for immobilization of fungal
hyphae. Whereas fungal biomass immobilized on loofa sponge has
been used for the removal of heavy metals [20,21], its application
for dye sorption is limited to only one preliminary report [22]. The
potential shownin the study is extended to another dye and another
fungus to elucidate the biosorption phenomenon in greater details.
The present study thus reports for the first time the use of loofa
sponge as immobilizing matrix to entrap Trichoderma viride as a
low-cost biosorbent system for the removal of methylene blue from


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:iqbalm@fulbrightweb.org
mailto:iqbalmdr@brain.net.pk
dx.doi.org/10.1016/j.jhazmat.2009.02.058

A. Saeed et al. / Journal of Hazardous Materials 168 (2009) 406-415 407

aqueous solution. As best known to the authors, no earlier study
reports using T. viride as a biosorbent of dyes. Besides exploring the
dye biosorption potential of T. viride for the first time, the other
significant aspect of the study relates to the development of an
immobilized system that provides sufficient mechanical strength
and stability to the biosorbent fungus, eliminates the laborious step
of solid-liquid phase separation of free suspended biomass, and
reports on the possibility of its reuse in repeated cycles. Methylene
blue was selected as the adsorbate dye, which has been extensively
studied earlier in several kinds of biosorption systems [4] and is one
of the most important and widely used cationic dye in the textile
and paper industries [13].

2. Materials and methods
2.1. Microorganism and culture medium

The microbial biomass used for dye biosorption in the present
study was the fungus mold, T. viride (accession # 0142), obtained
from the First Fungal Culture Bank of Pakistan, Department of
Mycology and Plant Pathology, University of Punjab, Lahore, Pak-
istan, and maintained on malt extract agar slants. Subculturing of
the stock culture slants was routinely done, every 4 weeks, incu-
bated for growth at 30°C for 5-7d, later stored at 4°C. Inoculum
from these slants was used for the production of stationary phase
hyphal suspension, free hyphal biomass, and fungal immobilization
in liquid culture medium containing, per litre distilled water, 10g
glucose, 3 g (NH4),S04, 0.3 g MgS04-7H;0, 0.1 g KCl, 0.05 g CaCly,
1 mg FeCls, and 0.1 g yeast extract. pH of the culture medium was
adjusted at 6.0 £0.1.

2.2. Immobilizing material and technique

The loofa sponge (LS), obtained from matured dried fruit of Luffa
cylindrica, was used for the immobilization of T. viride. Immobiliza-
tion of T. viride within the fibrous network of LS was carried out
following the procedure reported in detail earlier [18]. The LS was
cut into discs of approx 2.4-2.5 cm and 2-3 mm thickness (Fig. 1a),
soaked in boiling water for 30 min, thoroughly washed under tap-
water, and left for 24 h in distilled water, changed 3-4 times. The LS
discs were oven-dried at 70 °C and stored in desiccator till further
use. The procedure of hyphal biomass immobilization of T. viride
within the LS discs is briefly summarized below. Four pre-weighed
LS discs were transferred to 250-mL Erlenmeyer flasks containing
100 mL of the liquid culture medium, autoclaved, and on cooling
inoculated with 0.5 mL of stationary phase hyphal suspension of T.
viride. Similar procedure, but without the LS discs, was followed

Fig. 1. Immobilization of Trichoderma viride within the loofa sponge of Luffa cylin-
drica: (a) raw loofa sponge disc; (b) loofa sponge disc covered with immobilized
hyphal biomass of T. viride.
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Fig. 2. Chemical structure of methylene blue.

for the production of free hyphal biomass. The inoculated cultures
were incubated at 35 °C, shaken at 100 rpm for 7 d. The incubated
cultures were harvested as T. viride free hyphal biomass (TVFB)
and T. viride immobilized onto loofa sponge (TVILS) discs, washed
twice with distilled water, and freeze dried. Dry weight of T. viride
hyphal biomass entrapped within the LS discs was determined as
the weight difference of LS discs before and after T. viride biomass
immobilization procedure.

2.3. Dye solution preparation

Methylene blue (C.I. #52015, also called Basic Blue 9, molec-
ular weight: 373.91, Aqnhax 665nm) was obtained from E. Merck,
Darmstadt, Germany. The chemical formula of methylene blue (MB)
is C1gH1gN3SCL.3H,0 (3,7-bis[dimethylamine]-phanazathionium
chloride; tetramethylthionine chloride), with the aromatic moiety
planar having the dimethyl amino groups attached to the aromatic
unit (Fig. 2). MB is a water-soluble cationic dye, though usually cat-
egorized as basic dye. The cationic character of the MB molecule
originates from the positive charge of N or S atoms, which is gen-
erally delocalized throughout the chromophoric system, although
it is probably more localized on the N atoms [23]. MB solution was
prepared by diluting 1.0gL-! dye, which was obtained by dissolv-
ing weighed quantity of MB in double-distilled water. Fresh dye
solutions of the desired dye concentrations were made at the start
of each experiment.

2.4. Biosorption procedure for equilibrium and kinetics studies

The biosorption capacity of exact hyphal biomass of TVFB and
TVILS (100 mg) was determined by contacting 100 mL MB solution
of known concentrations (10-800 mgL-1) in 250-mL Erlenmeyer
flasks. The dye solution, incubated with the biosorbent (TVFB;
TVILS), was shaken on an orbital shaker at 100 rpm in tightly stop-
pered flasks at ambient temperature (30 £2°C) for 2h to ensure
equilibrium. TVFB was removed from the dye solution by centrifu-
gation at 5000 rpm for 5 min, whereas TVILS discs were separated
from the solution by simple decantation. Residual concentration of
the dye supernatant solution was determined spectrophotometeri-
cally (Hitachi 220 UV/VIS spectrophotometer) at 665 nm. Dilutions
were made when absorbance exceeded 1.5. The effect of pH was
determined by varying dye solution pH in the range of 2-10. Dye-
free solution (double-distilled water) and TVILS-free dye solution
containing only LS disc blanks were used as controls. The effect
of temperature on biosorption was determined at 10°C intervals
for the range of 20-50°C. For determining the optimum time for
biosorption equilibrium and kinetics of biosorption, the sorbate-
sorbent contact was continued for several time periods ranging
between 15 min and 6 h.

2.5. Desorption and reuse of regenerated biosorbents
The MB-loaded biomass of both TVFB and TVILS, which was ini-

tially exposed to 100 mg 1~ of MB at pH 7.0 and 30 °C, was contacted
with 50 mL of 0.1 M HCl as the dye-desorbing agent for 120 min on
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a rotary shaker at 100 rpm. After desorption, the TVFB and TVILS
biosorbents were washed several times with double-distilled water
and the regenerated biosorbents were reused for the next cycle
following the same procedure as employed in the biosorption equi-
librium experiments. These cycles of biosorption-desorption were
repeated five times.

2.6. Continuous removal of MB by TVILS packed in fixed-bed
columns

A glass column (2.7cm in diameter and 35c¢m in height)
was packed with LS discs containing 2.56 +0.14 g of immobilized
biomass of T. viride (TVILS), packing height 30 cm. Dye solution
(25mgL-1, pH 7.0) was then pumped upwards through the col-
umn at a flow rate of 2.5mLmin~!. Samples were collected at
regular intervals from the effluent to measure residual dye concen-
trations. As the bed was saturated, the dye loading was terminated
and the bed was eluted with 0.1 M HCI solution to recover the
loaded dye. The regenerated bed was washed thoroughly with
deionized water before use in the next fixed-bed adsorption column
cycle.

2.7. FTIR spectroscopy

Preliminary detection of the chemical functional groups present
in the hyphae of T. viride, before and after MB loading, for
determining their possible involvement in the dye biosorption
process, Fourier transform infrared (FTIR) spectroscopic analysis
was done in solid phase. IR absorbance data were obtained for
the wavenumber range of 500-4000cm~! using Thermo-Nicolet
IR-100 spectrometer (Thermo-Nicole Corporation, Madison, USA).
Data analysis was done on Encompass® software provided by the
FTIR spectrometer manufacturer. For obtaining FTIR spectra, ball-
milled fungal hyphae biomass was mixed with KBr (ratio 1:100),
compacted into a tablet form using a bench press, and the material
was run for obtaining FTIR spectra.

2.8. Reproducibility and data analysis

Unless indicated otherwise, the data reported are the mean val-
ues of three separate experiments. The amount of dye adsorbed per
unit free and immobilized hyphal biomass (mgdye g~! dry biosor-
bent) was determined using the following expression:

V(G - C)
q= - (1)
where q is the dye uptake (mgdyeg~! dry weight of the hyphal
biomass, free or entrapped within LS), V is the volume of dye solu-
tion (L), G; is the initial concentration of dye in the solution (mgL~1),
C is the residual concentration of dye in the solution at any time,
and M is the dry weight of hyphal biomass (g).

The Langmuir and Fruendlich equilibrium models [24,25] were
used for evaluation of the adsorption data. Langmuir isotherm
assumes monolayer adsorption, and is presented by the following
equation:

_ (maxbCeq

Jeq = m (2)

where geq and gmax are, respectively, the equilibrium and maximum
dye uptake capacities (mgg~! biosorbent), Ceq is the equilibrium
dye concentration (mgL~! solution), and b is the Langmuir equilib-
rium constant (Lmg-1).

The Freundlich model is presented as below:

Geq = KeCel" 3)

where Kr and n are the Freundlich constants characteristic of the
system.

In order to examine the controlling mechanism of the biosorp-
tion process, such as mass transfer and chemical reaction, the
pseudo-first-order and the pseudo-second-order kinetics models,
were used to test the experimental data of dye biosorption by TVILS
and TVFB. The pseudo-first-order rate equation of Lagergren [26] is
presented as:

ln(‘]eq —qt)=1In Jeq — k1aat (4)

where geq (mgg~') is the mass of dye adsorbed at equilibrium, g¢
(mgg~1) is the mass of dye adsorbed at time ¢, and k;,q (min~1)
is the pseudo-first-order reaction rate constant. The pseudo-first-
order considers the rate of occupation of adsorption sites to be
proportional to the number of unoccupied sites. A straight line of
In(geq — qt) versus t indicates the application of the pseudo-first-
order kinetics model. In a true pseudo-first-order process, Ingeq
should be equal to the intercept of a plot of In(geq — g¢) against t.

In addition, a pseudo-second-order equation [27], based on
adsorption equilibrium capacity, may be expressed in the following
form:

r__1 1
qt kZadng eq

(5)

where ky,q (gmg-! min~!) is the pseudo-second-order reaction
rate equilibrium constant. A plot of t/q; against t should give a lin-
ear relationship for the applicability of the pseudo-second-order
kinetics model.

Egs. (4) and (5) can be transformed into non-linear forms, as
given in Egs. (6) and (7). These can then be used to predict the
adsorption equilibrium and kinetics rate constants:

qt = qeq[1 — eXp(—k1agst)] (6)

q*kaaat
— _cad® 7
q 1+ qeql<23dt ( )

In order to evaluate the error of model predictions, the root mean
square errors (RMSE) were calculated for kinetics models. The sum
of the square of the difference between the dye removal experimen-
tal data (q), and model predictions (qn, ) was divided by the number
of data points (p) for each data set, and the square root of this term
was taken:

3. Results and discussion
3.1. T viride loading on LS to produce TVILS discs

Physical examination of the LS discs revealed hyphal growth in
the sponge matrix within 24 h of incubation. Complete coverage
of the LS discs with hyphae of T. viride occurred within 5 d. How-
ever, biomass accumulation/loading was noted to continue until the
attainment of stationary phase of growth upto 7 d. No free hyphal
growth was observed in the immobilization system (TVILS) during
this period and the LS discs appeared as compact units of fungal
biomass (Fig. 1b).

3.2. FTIR spectroscopic detection of functional groups in T. viride

The pattern of adsorption is relatable to the active groups and
bonds present in the biosorbent material [28]. For the detection
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Fig. 3. Fourier transform infrared (FTIR) spectra of Trichoderma viride: (a) before and
(b) after biosorption of methylene blue.

of active biosorption sites, therefore, FTIR spectra of the virgin
and MB-adsorbed T. viride hyphae were obtained (Fig. 3). Peaks
appearing in the FTIR spectra were assigned to various groups and
bonds in accordance with their respective wavenumbers (cm~1)
as reported in literature for other fungi, such as Aspergillus niger,
Phanerochaete chrysosporium and Lentinus sajor-caju [29-31]. The
three most prominent peaks in the virgin hyphae were observed
at 3368, 1654 and 1078 cm~! (Fig. 3a). The peak at 3368 cm™!
was stronger and broad due to amine group stretching vibrations
superimposed on the side of hydroxyl group band, which has been
reported to occur at 3500-3300cm~"! [30]. The peak at 2928 cm™!
is indicative of C-H bond [28]. The strong peak at 1654 cm~! and the
two peaks at 1400 and 1240 cm~! were caused by C=0 stretching
mode of carboxyl group conjugated to a -NH deformation mode
resulting in —CO-NH-, indicative of amide bond formation [17].
The peak at 1546 cm™! represents amine group stretching vibration
resulting from -NH deformation mode conjugated to C=N deforma-
tion mode. The phosphate groups showed the characteristic peak
at 1078 cm~! representing P-OH stretching [30]. The functional
groups detected in the FTIR spectrum relate well with the chem-
ical structure of chitin, which is a specific constituent of fungus
cell walls [32]. Chitin is a polysaccharide of repeating units of N-
acetyl-3-p-glucosamine covalently linked by 3-1,4 bonds similar
to the linkages between glucose units forming cellulose, and also
containing a small number of 3-p-glucosamine units in the chitin
polymeric chain (Fig. 4). Chitin is thus essentially a cellulose poly-
mer with one —OH group on each monomer substituted with an
acetylamine group. The FTIR spectrum of T. viride hyphae loaded
with MB showed shifts of several peaks when compared with the
FTIR spectrum of virgin T. viride hyphae (Fig. 3a and b). However,
most significant shifts in the FTIR spectrum peaks of the virgin
T. viride hyphae were noted from 3368 cm~! (amine group super-
imposed on hydroxyl group), and 1654 and 1240cm~! (carboxyl
group conjugated to a -NH deformation mode forming the amide
group —~CO-NH-), respectively, to 3400, 1692 and 1246 cm~! in the
T. viride hyphae loaded with MB, indicating that amine, hydroxyl,
carbonyl and amide bonds were the major sites for sorption of the
cationic dye. The involvement of other functional sites detected in
the FTIR spectrum of the virgin T. viride may be rated as minor. The
functional groups detected in the virgin T. viride hyphae, and are
likely involved in the biosorption of MB, have been also reported
to occur in chitin, which is known to be an effective dye adsorbent
[33].
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Fig. 4. Structure of chitin molecule: (a) showing two of the N-acetyl-B-p-
glucosamine units that repeat to form long chains of 3-1,4 linkage, and (b) arepeating
unit of 3-p-glucosamine.

3.3. Effect of pH on biosorption

Previous studies have reported that solution pH is among the
most significant parameters controlling the sorption of MB [34].
This is possibly due to its impact on both the surface binding sites
of the biosorbent and ionization status of the dye molecule in water
[35]. Since dye adsorption can dramatically change with the change
of solution pH, it has been stressed that not only should it be accu-
rately reported but also data for all comparative studies must be
obtained at the same pH values [36]. Therefore, the impact of pH
on the biosorption of MB by LS, TVFB and TVILS discs was stud-
ied in the range between 2 and 10 to determine the optimum pH
value for dye adsorption. Appropriate pH of the sorbent-sorbate
system was adjusted by adding 1 M NaOH or HCI. The MB molecule
on dissolution in water releases coloured dye cations, which are
electrostatically attracted towards the negatively charged biosor-
bent surface [37,38]. The biosorption of these positively charged
dye cations is primarily influenced by the degree of negative sur-
face charge on the adsorbent, which is essentially determined by
the solution pH. Such a consideration has been well shown in the
present studies by the effect of solution pH in the range of 2-10
on removal of MB by the two variants of T. viride used as biosor-
bents. It may be noted from Fig. 5, accordingly, that MB biosorption
from 100 mg 1-! dye solution by TVFB and TVILS, after 120 min of
contact, was minimal at pH 2 (17.43 and 27.09 mgg~1), which sig-
nificantly increased respectively to 69.07 and 85.62mgg~! at pH
6, and 71.82 and 87.37mgg! at pH 7. Further increase from pH
7 to 10 showed unchanged MB adsorption plateau. These results
have shown that availability of negatively charged groups at the
adsorbent surface is necessary for adsorption of the cationic dye
to proceed. At low pH, the availability of negatively charged adsor-
bent sites is expected to be low due to the presence of excess H* ions
competing with dye cations for adsorption sites [39] as there is a
net positive charge in the adsorption system due to the presence of
H5O*. It has been concluded that in such a system, H* ions compete
with the dye cations, resulting in active sites getting protonated to
the exclusion of dye cations binding on the adsorbent surface [1].
Also, at lower pH, the number of negatively charged sites is low,
which is not favourable for the adsorption of positively charged dye
cations due to electrostatic repulsion [40]. As pH of the dye solution
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Fig. 5. Effect of pH on the sorption capacities of loofa sponge (LS), Trichoderma viride
free biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS) for the
removal of methylene blue from 100 mL of 100mgL~" dye solution during orbital
shaking at 100 rpm for 120 min and 30°C.

was increased, more negatively charged surface sites became avail-
able due to deprotonation of different functional groups present on
the biosorbent (see Section 3.2). This resulted in an increase in the
electrostatic force between the negatively charged biosorbent and
positively charged MB ions, thus resulting in increased MB adsorp-
tion. Similar trends, where the biosorbent surface was negatively
charged, were observed for MB sorption, such as on Fomes fomen-
tarius and Phellinus igniarius [12], Corynebacterium glutamicum [41],
and various carbon adsorbents [42].

3.4. Effect of temperature on dye biosorption

Effect of temperature on the biosorption of MB by TVFB and
TVILS at equilibrium was investigated at the temperature inter-
vals of 10°C in the range between 20 and 50°C, at the initial dye
concentration of 100mgL~1, pH 7.0 (Fig. 6). The biosorption of MB
was noted to enhance with the increase in temperature upto 50°C
indicating that higher temperature favoured the removal of dye by
sorption onto both TVFB and LIBTV. The observation is in agree-
ment with an earlier report on the biosorption of Acid Blue 161 by
Trametes versicolor [43]. The enhanced adsorption at higher tem-
peratures was suggested to be due to increase in the availability of
active surface sites, increased porosity, and in the total pore vol-
ume of the adsorbent. These authors further suggested that the
enhancement in adsorption may also be a result of an increase in
the mobility of the dye molecule with an increase in their kinetic
energy, enhanced rate of intraparticulate diffusion of the sorbate
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Fig. 6. Effect of temperature on the equilibrium sorption capacity of loofa sponge
(LS), Trichoderma viride free biomass (TVFB) and T. viride immobilized onto loofa
sponge (TVILS) on the removal of methylene blue from 100 mL of 100 mgL-! dye
solution at pH 7.0, on orbital shaking for 120 min at 100 rpm.
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Fig. 7. Effect of incubation time on the sorption capacities of loofa sponge (LS), Tri-
choderma viride free biomass (TVFB) and T. viride immobilized onto loofa sponge
(TVILS) on the removal of methylene blue from 100 mL of 100 mgL~' dye solution,
pH 7.0, on orbital shaking at 100 rpm and 30°C.

dye, and due to decrease in thickness of the boundary layer sur-
rounding the sorbate dye at a higher temperature so that the mass
transfer resistance of the sorbate in the boundary layer decreases
[43]. The observations on the biosorption of MB sorbate on both
TVFB and TVILS disc sorbents in the present study further suggest
that it was an endothermic process and may involve not only phys-
ical but also chemical sorption, as suggested in an earlier study on
the biosorption of Remazol Black B by Rhizopus arrhizus [44].

3.5. Effect of contact time

In order to determine the effect of contact time on the dye bind-
ing capacity of TVFB and TVILS, both biosorbents were contacted
with 100mgL-1 aqueous MB dye solution for various intervals
ranging between 15min and 6 h at pH 7.0 and 30°C temperature.
The rate of dye uptake by TVILS was rapid, with the maximum
uptake achieved in the first 30 min amounting to 84.3% sorption
(Fig. 7). The sorption rate after this initial fast phase, however, was
observed to slow down significantly until it reached a plateau after
90 min, indicating equilibrium of the system. In comparison, max-
imum uptake of MB by TVFB in the first 30 min was 61.4%, while
the equilibrium was established in 120 min. It was also noted that
after the adsorption equilibrium time of 90 and 120 min of TVILS
and TVFB, respectively, no further dye adsorption took place sug-
gesting that the active sites available on the biosorbent surface
were the limiting factor. It is significant to point out that at each
stage of time interval, the dye removal by TVILS was apprecia-
bly higher than by TVFB, thus clearly showing the superiority of
TVILS over TVFB as the biosorbent. The significant lower uptake
of MB by TVFB may be attributed to the hyphal aggregation due
to electrostatic interaction in the form of pellets, thus reducing
the surface area and blocking access of the dye to active sites of
sorption. The higher sorption of MB by TVILS, on the other hand,
is evidently due to the expanded surface area of the immobilized
fungal hyphae along the fibrous structure of the LS, and the open
structure of TVILS provided by the LS biostructural matrix, which
together enhance free access of the dye to sorption sites. The rapid
rate of MB sorption by TVILS observed during the present study has
a significant practical importance for applications in small reactor
volumes, thus ensuring efficiency and economy. This is a significant
advantage over other immobilized biosorbents reported previously
for both dye and metal biosorption. For example, fungal biomass of
Corynebacterium glutamicum immobilized in polysulfone and algi-
nate removed Reactive Black 5 dye slowly, achieving equilibrium
in 300 and 450 min, which was respectively 66% and 150% higher
than the time taken by free biomass (180 min) in the same study
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[14]. Similarly, yeast biomass immobilized in polyvinyl alcohol and
alginate was reported to remove metal ions very slowly, achieving
equilibrium in 12 and 24 h, respectively, which was about 24 and
48 times greater than the time taken by free yeast biomass (30 min)
in the same study [45]. In another study, microbial biomass immo-
bilized in sodium alginate beads took 15 h to reach equilibrium for
the removal of Cd(II), which was 100 times more than the time
taken by free cells [46]. The authors suggested that the observed
slow rate of Cd(Il) uptake by the microbial biomass immobilized in
alginate beads was caused by restriction exerted on the diffusion of
Cd(II) through the gel matrix. A slower rate of copper biosorption by
hydrophilic polyurethane foam-immobilized biomass of Ascophyl-
lum nodosum has been also reported [47]. The foam-immobilized
biomass took about 320 min to achieve equilibrium as compared
with less than 90 min needed by free biomass. The slower rate
of metal adsorption by the immobilized biomass was suggested
to be due to the additional time taken for the solute to diffuse
through the foam membrane and reach the functional groups on
the biomass surface. Arguments given for slow metal biosorption
by biomass encapsulated in synthetic polymers is likewise appli-
cable for dye removal, which being a large molecule is expected
to encounter greater diffusion restriction than the small size of
metal ions. In the case of TVILS, however, no such problem was pre-
sented due to the surface immobilization of fungal hyphae and the
open-face solid-liquid phase contact provided by the highly porous
biostructural matrix of LS and thus the process of biosorption was
completed within 90 min. To ensure equilibrium, however, a con-
tact time of 120 min was used for further studies on biosorption of
MB by both TVFB and TVILS.

3.6. Dye removal capacity of TVILS and adsorption isotherms

Significant potential of dye removal from aqueous solution was
demonstrated by TVILS. The maximum dye biosorption capacity
of TVILS was noted to be 201.52 +4.63 mgg~!, whereas the max-
imum removal of dye by TVFB was 155.06 +5.27 mgg~! (Fig. 8).
This indicates a 29.96% higher dye removal capacity of TVILS than
TVFB. The removal of dye by LS discs without immobilized fun-
gal hyphal biomass (naked LS) in the control run was found to
be 13.11 +£0.43mgg~!. Though it is not possible to predict how
much of it contributed to the 201.52 +4.61 mgg-! dye biosorbed
by the TVILS biosorbent system, yet most of it is likely to have
been adsorbed on the expanded surface area of this unique biosor-
bent matrix provided by the fungal hyphal biomass immobilized
along the outer surface of the fibrous structure of LS, which was
completely covered by fungal hyphae (Fig. 1b) thus significantly
masking the LS sorption sites. From these results, nevertheless, it
is clear that the use of LS as an immobilization matrix has signifi-
cantly enhanced the biosorption capacity of TVILS and has caused
no negative effect on the biosorption process. This is a significant
achievement in the development of immobilized biosorbent sys-
tems as most of the previously reported microbial immobilized
biosorbents using synthetic polymers are known to have resulted
in a significant decrease in dye uptake in comparison with free cell
biomass used as biosorbents. For example, 28.85% decrease in the
sorption of MB was noted when algal biomass was immobilized
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Fig. 8. Biosorption of methylene blue by loofa sponge (LS), Trichoderma viride free
biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS) from 100 mL of
the dye solution (10-800 mg L1, pH 7.0) on orbital shaking for 120 min at 100 rpm
and 30 °C, where Ceq is the equilibrium dye concentration and geq is the dye adsorbed
per unit biosorbent weight. Langmuir predictions are shown in solid curve.

in polyacrylonitrile (PAN) as compared with free algal cell biomass
[48]. Similarly, 19.89% and 17.33% reduction in the sorption of Reac-
tive Black 5 was observed when biomass of C. glutamicum was
immobilized, respectively, in alginate and polysulfone gel beads as
compared with free cells [14], while another study reported 32.2%
decrease in the uptake of the same dye when C. glutamicum cells
were immobilized in polysulfone matrix as compared with free cell
biomass [13]. Similar decrease in the biosorption capacity of immo-
bilized biomass, as compared to free biomass has been reported for
metal uptake also [49,50]. These reductions have been projected
to be due to the limitations exerted in the movement of adsor-
bate, or masking of active sites on the biosorbent [14]. Moreover,
part(s) of the cell surface might be shielded by the gel matrix, which
would thus become unavailable for adsorbate binding [46]. In the
present study, surface immobilization of T. viride on the biostruc-
tural fibrous network of LS discs enables a direct contact of the
biomass to MB solution, which is thus well suited for biosorption
than the enclosed or beaded immobilization systems based on poly-
meric gel matrices.

Analysis of the equilibrium data is important for developing an
equation for design purposes. Several isotherms equations have
been used for the equilibrium modelling of biosorption systems.
Out of these isotherms equations, the two that have been applied
to the data obtained during the present study were the Freundlich
and Langmuir isotherms. For each isotherm modelling, initial dye
concentrations were varied (10-800mgL-!), whereas the TVILS
weight in each sample was kept constant. The Langmuir and Fre-
undlich adsorption constants, as determined from these isotherms,
and their correlation coefficients are presented in Table 1. Very high
regression correlation coefficients (>0.99) for Langmuir isotherms
model were noted for both TVFB and TVILS, which show that this
model was suitable for describing the biosorption equilibrium data
of MB by fungal biomass in the studied concentrations range. The
r2 values in the case of Freundlich isotherms were relatively low,
which were 0.954 and 0.946 for TVFB and TVILS, respectively. The

Isotherms model constants and their respective correlation coefficients for biosorption of methylene blue from aqueous solution by Trichoderma viride free biomass (TVFB)

and T. viride immobilized onto loofa sponge (TVILS).

Biosorbents Experimental Langmuir isotherm model

Freundlich isotherm model

Gmax Gmax b i Kr n r2
(mgg™) (mgg") (Lmg")
TVFB 155.06 + 5.27 151.48 0.065 0.991 13.36 2.41 0.954
TVILS 201.52 + 4.63 200.24 0.262 0.996 28.19 2.96 0.946
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Fig. 9. Value of separation factor (R.) for the sorption of methylene blue by Tricho-
derma viride free biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS),
where C; is the initial dye concentration.

Langmuir parameters can also be used to predict affinity between
the sorbate and the sorbent using the dimensionless separation
factor (R ), which has been defined as below [51]:

_ 1
- 1+bC0

where R; is the dimensionless separation factor, Cy is the initial con-
centration of the adsorbate (mgL-1),and b is the Langmuir constant
(Lmg~1).The Ry value can be used to predict whether a sorption sys-
tem is “favourable” or “unfavourable” [51,52]. If the average of the
Ry values at different initial concentrations is between 0 and 1, it
indicates favourable adsorption [48]. The R values for sorption of
MB on TVFB and TVILS are shown in Fig. 9. The average values of R|
for the adsorption of MB onto TVFB and TVILS at different initial dye
concentration as calculated from Fig. 9 are 0.234 and 0.146, respec-
tively, indicating that the adsorption of dye by fungal biomass was
a favourable process.

Ry (6)

3.7. Distribution coefficient

The adsorption distribution coefficient (K), which is the ratio of
equilibrium concentration in the solid and liquid phase, is shown
in Fig. 10. A high value of distribution coefficient is characteristic
of a good biosorbent. TVILS exhibited a K value of 49950 mLg™!
dry weight at Ceq of 0.21 mg MBL~!, which was almost 5.21 times
greater than the distribution coefficient value obtained for TVFB
(9589.5mLg~! dry weight at Ceq of 4.12mg MBL~1). These results
clearly indicate that TVILS, in addition to having higher biosorption
rate and capacity (Table 1), also showed higher distribution value,
which confirms the superiority of TVILS over TVFB.

3.8. Biosorption kinetics modelling

In order to analyze biosorption kinetics of MB, pseudo-first-
order and pseudo-second-order kinetics models were applied to
the biosorption data and non-linear fitting was performed to deter-
mine the model parameters. Fit to these models is shown in Fig. 11,
whereas Table 2 summaries the rate constants (k) and equilibrium
dye uptake (qgeq) as determined by non-linear parameter optimiza-

Table 2
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Fig. 10. Distribution coefficient of methylene blue biosorption by Trichoderma viride
free biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS) where Ceq
refers to dye concentration at equilibrium and K is adsorption distribution coeffi-
cient.
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Fig. 11. Plots showing fit of experimental data to pseudo-first-order and pseudo-
second-order kinetics models for the removal of methylene blue from aqueous
solution using Trichoderma viride free biomass (TVFB) and T. viride immobilized
onto loofa sponge (TVILS); conditions: initial MB concentration of 100 mgL-!, pH
7.0, biosorbent dosage 1gL~! and temperature 30 °C.

tion for both TVFB and TVILS. Experimental data for the biosorption
of MB by both TVFB and TVILS with average errors being only
1.34-2.25mgg ! and 1.33-1.98 mgg~!, which correspond to 2-3%
and 1.5-2% of geq for TVFB and TVILS, respectively, were noted to
fit well to both the pseudo-first-order and pseudo-second-order
kinetics models (Table 2). However, pseudo-first-order kinetics
model seems to show slightly better fit for both the biosorbents
when compared with pseudo-second-order model, since it pre-
sented the lower RMSE values, which meant that the fit of predicted
(eq values to pseudo-first-order model was closer to experimentally
measured geq values for all the experimental points. These obser-
vations are in accordance with findings of other researchers, who
have successfully employed the non-linear kinetics and equilib-
rium equations to obtain the adsorption parameters with excellent
accuracy for different adsorbates and adsorbents [53-55]. The non-
linear kinetics equations were preferred over linear equations, since
the latter does not take into account the errors associated with
each experimental point, which cannot always be linearized [56].
The pseudo-first-order model describes adsorption reactions at the

Theoretically determined constants of pseudo-first-order and pseudo-second-order reaction kinetics, calculated from non-linear equations, based on the sorption of methylene
blue from 100 mL of 100mgL~" dye solutions, pH 7, by 1.0g L~ Trichoderma viride free biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS).

Biosorbent Experimental geq (mgg") Pseudo-first-order constants Pseudo-second-order constants

Geq (Mgg™") k1aq (min~") RMSE (mgg') Geq (Mgg™") kzaa (gmg~' min~") RMSE (mgg™')
TVFB 72.02 £ 2.29 71.2 0.031 1.34 79.9 0.00053 2.25
TVILS 88.20 + 2.61 87.1 0.066 1.33 93.1 0.0013 1.98
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Table 3

Biosorption and elution of methylene blue in repeated cycles by Trichoderma viride free biomass (TVFB) and T. viride immobilized onto loofa sponge (TVILS) in batch-scale

studies carried out in 250-mL Erlenmeyer flasks.

Cycle no. Biosorption (mgg-1) Biosorption decline (%) Elution (mgg") Elution (%) Loss in biomass weight (%)
Free biomass (TVFB)

1st 72.83 £ 213 71.86 £ 3.08 98.67

5th 58.47 + 2.45 19.72. 57.92 + 1.52 99.05 15.62

Immobilized biomass (TVILS)

1st 88.15 £ 2.07 87.48 + 2.76 99.23

5th 84.25 + 1.82 4.42 84.16 + 3.21 99.09 3.98

particle-solution interface, and frequently shows biphasic kinet-
ics with a fast rate at the beginning followed by a slower rate.
Accordingly, the experimental data can be described by two phased
pseudo-first-order reaction behaviour, which may be interpreted
as reactions on two types of sites, namely, external sites that are
quickly accessible and internal sites that are less accessible and
show slower rates of sorption [57,58].

3.9. Desorption and reuse of TVILS

Reusability of a biosorbent is of critical significance in practi-
cal applications for dye removal from wastewaters. The capacity
of TVILS to adsorb dye was, therefore, determined by repeated
adsorption-desorption cycles. Since maximum biosorption of MB
was noted to occur near neutral to basic conditions, it seems logical
that the sorbed MB may be recovered under strong acidic condi-
tions. Therefore, 0.1 M HCl was used as an elutant during the present
studies. Under strong acidic conditions (pH < 1), the number of posi-
tively charged sites on the biosorbent surface are expected to favour
desorption of the cationic MB dye due to electrostatic repulsion.
Higher than 99% desorption of MB was obtained for both TVFB
and TVILS. The TVILS used in successive adsorption-desorption
cycles was noted to retain good MB adsorption capacity even after
five cycles (Table 3). The total decrease in sorption efficiency of
TVILS after five adsorption-desorption cycles was only about 4.3%,
which shows that TVILS has good potential to adsorb the dye
from aqueous solution even when used repeatedly. In contrast, a
decrease of 23.6% in dye removing capacity of TVFB was noted
after five adsorption-desorption cycles. This decrease in the dye
removal capacity of TVFB may be related to the loss of TVFB weight
(15.69%) during repeated centrifugation. On the other hand, T. viridi
biomass immobilized in LS discs (TVILS) was stable and only <4.0%
decrease in its weight was noted at the end of five consecutive
cycles.

3.10. Column studies

3.10.1. Removal of MB by TVILS in fixed-bed column reactors

The performance of biosorbents in continuous dye biosorption
process is often an important factor in assessing the feasibility of
a biosorbent in real-time practical applications. Therefore, stud-
ies were carried out in a fixed-bed packed column to determine
the performance of TVILS to remove MB in continuous mode. For
this purpose, TVILS discs were packed in a x-scale column biore-
actor and 25mgL~! MB solution was passed through the column
in an upward direction at the flow rate of 2.5 mLmin~!. The break-
through biosorption curve is presented in Fig. 12a. The dye loading
curve showed an excellent, clear zone (100% removal) before the
breakthrough point. The results presented in Fig. 11a show that
the column bioreactor packed with TVILS (2.56 +£0.14 g) had the
capacity to treat 12.5L of 25mgL-! dye solution before reach-
ing the breakthrough point. The total biosorption capacity of the
packed column bioreactor was calculated by integrating the break-
through curves between the breakthrough and saturation points.

The biosorption capacity of the TVILS packed column for 25 mg L1
MB solution was noted to be 205.00+6.08 mgg~!, similar to the
maximum value of 201.52 mg g~ obtained during batch-scale stud-
ies.

3.10.2. Desorption of MB sorbed on the TVILS in fixed-bed column
Desorption of MB was done with 0.1 M HCl, as mentioned ear-
lier in Section 3.9. The elution breakthrough curve obtained for
TVILS discs packed in the fixed-bed column reactor is presented
in Fig. 12b. With the elution efficiency of 98.92%, 0.1 M HCl was
noted to perform well in the elution of MB from TVILS. It may
be noted from the breakthrough curve that MB concentration in
the effluent increased sharply during the initial stage, reaching the
maximum value (4451 mgL~1)at 90 mL of 0.1 M HCl passed. A grad-
ual decrease in MB concentration was then noted, and the elution
process was completed on passing 0.75L of 0.1 M HCl. The total
volume of MB solution treated during the sorption process was
31.5L, whereas 0.75L of 0.1 M HCl was used to elute MB during
the desorption process. This resulted in a very highly concentrated
MB solution elute in very small elutent HCl volume, which was cal-

20 |

- =k
o o

(3,1

0 5 10 16 20 25 30 35

MB concentration (mg I'1)

o

Dye solution passed (I}

<= 5000

(b)
4000

3000
2000

1000

Dye concentration (mg |

1 1

o
o

o

01 02 03 04 05 06 07 08
0.1 M HCI solution passed (I)

Fig. 12. Biosorption (a) and desorption (b) breakthrough curves for the removal of
methylene blue in a fixed-bed column reactor based on immobilized Trichoderma
viride biomass (TVILS) as the biosorbent in glass column height of 35 cm, internal
diameter 2.7 cm, bed pack volume of 30 cm, packed with 2.56 + 0.14 g immobilized
hyphal biomass of T. viride (TVILS) at the liquid phase flow rate of 2.5 mLmin~' and
0.1 M HCl as the desorption agent.
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culated to be 0.4 L. A high concentration factor is preferable as the
eventual recovery of dye will become more feasible. In order to
assess reusability of the TVILS disc-packed fixed-bed column reac-
tor, a series of adsorption-desorption runs were performed. Like
batch studies, the TVILS disc biosorbent, when successively used
for adsorption-desorption cycles in fixed-bed columns, retained
good dye adsorption capacity even after five repeated cycles. The
total decrease in the sorption efficiency of TVILS disc biosorbents
after five cycles was only about 2.07%, which shows that TVILS disc
biosorbent has good potential to adsorb dye from aqueous solution
and can be reused repeatedly. Furthermore, no significant leak-
age of entrapped biomass or physical damage to TVILS discs was
observed during the five repeated adsorption-desorption cycles,
as was noted with other polymeric matrices used in immobilized
systems resulting in the loss of biosorption capacity of these immo-
bilized systems [14].

4. Conclusions

The study reports on the potential of T. viride immobilized
onto loofa sponge for the removal of methylene blue from aque-
ous solution in batch and continuous up-flow fixed-bed packed
column operations. TVILS showed good potential for the removal
and recovery of MB from aqueous solution at gmax of 202mgg!
in batch studies. No adverse effect on the biosorption capacity
of TVILS was observed due to the immobilization matrix of loofa
sponge. Additionally, the capacity of TVILS to remove MB, as com-
pared with T. viride free biomass, was noted to enhance by 30%.
Sorption of MB was dependent on experimental conditions, such
as pH, temperature, dye concentration and contact time. Pseudo-
second-order kinetics equation and Langmuir adsorption isotherm
model were observed to fit to the experimental data. FTIR analysis
showed that the main functional sites taking part in the sorp-
tion of dye included amine, hydroxyl, carbonyl and amide bonds.
TVILS showed good physical and chemical stability as no signifi-
cant leakage or breakage of immobilized biomass, which accounted
for only 3.98% weight loss, was observed during their repeated use
in five biosorption-desorption cycles. As much as 99% desorption
of MB was achieved with 0.1 M HCI as the elutant. Regenerated
TVILS was reused repeatedly during five cycles with only 4.42%
loss in its MB uptake capacity, whereas TVFB showed a decrease
of 20% in its MB removal capacity, which was possibly due to
15.62% loss in its biomass weight during same number of repeated
sorption-desorption cycles. The observations obtained during the
present study have clearly indicated the superiority of TVILS over
TVFB, and as well as the previously used immobilizing matrices
which showed significant decrease in biosorption capacity and
release of immobilized biomass during reuse. Loofa sponge is an
inexpensive, easily available biomatrix, while immobilization of
fungal biomass is easily achieved by simple inoculation procedures
without any prior chemical treatments. In contrast, production of
immobilized fungal biomass beads using polymeric matrices is
expensive and laborious, requiring inputs of sophisticated equip-
ment and procedural protocols. Column experiments have further
shown that TVILS can be efficiently used for continuous removal
of MB. It may be concluded, therefore, that TVILS has shown the
potential of application in the remediation of dye-laden industrial
wastewater.
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