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ABSTRACT

Nano-biocomposites with high adsorption surface and various functional groups are considered
as efficient sorbents for remediation of azo dyes. In this study, two bio-nanocomposites were made
using Mucor circinelloides, a previously confirmed potent azo dye biosorbent, with Fe,O, and car-
bon nanotube. The efficacy of Congo red removal was 67% for the fungal biomass but it was 72%
and 85% for the Fe,O,-biocomposite and carbon nanotube biocomposites, respectively. The sorp-
tion capacity in the free biomass and carbon nanotube biocomposite were 67.1 and 127.2 mg dye/g
adsorbent, respectively, showing a 100% increase in sorption capacity of the carbon nanotube bio-
composite when compared with the free fungal adsorbent. Also, the SEM images showed precipita-
tion of dye particles on the nano-bioadsorbent surface. The adsorption isotherms showed that the
biosorption process is in agreement with the Langmuir isotherm model and the kinetics adsorption
results showed that the biosorption process followed the pseudo-second-order kinetics model. Ace-
tone showed the most efficient dye desorption performance which was about 50% for carbon nano-
tube-biocomposite. In addition, evaluating the removal efficiency of the construct in real wastewater
confirmed its high potential for use in wastewater treatment. The values of BOD and COD in treated

wastewater decrease for 6259 and 16690 mg/L, respectively.
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1. Introduction

Azo dyes are considered as the most widely used
coloring agents in several industries, including printing,
cosmetics, pharmaceuticals, food, tanneries, and textile
industries. These molecules have benzidine group in
their structure which is known as a carcinogenic agent
and it causes genetic mutation in the living organisms
[1]. Approximately, 20% of synthetic dyes produced all
around the world are consumed by the textile industries
of which 10-15% are directly discharged to the wastewa-
ter [2]. In textile industries, the average concentration of
azo dye in wastewater is about 300 mg/L [3]. Releasing
azo dyes into wastewater contaminate the environment
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and the subsequent incomplete degradation of the dye
molecules results in the formation of highly toxic and
carcinogenic aromatic amines as the degradation inter-
mediates [4]. Generally, there are different methods of
wastewater treatment and they include physical, chem-
ical, and biological methods. The biological methods are
more acceptable than the physico-chemical methods,
because of their less operational costs and sludge pro-
duction [5].

Biosorption is one of the biological strategies and is
defined as the metabolism independent adsorption of
molecules by the surface functional groups present on
dead or live biomass [6]. Currently, chitosan is one of the
frequently used bio-adsorbent for various pollutants, such
as copper, mercury, nickel, lead, cadmium, and azo dyes.
The efficiency of chitosan in biosorption process is related
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to the presence of amino and hydroxyl functional groups
in its structure [7]. With respect to the fact that chitin and
chitosan are the key elements of fungal cell wall structure
and also because of the high surface to volume ratio in
fungal cells, fungi are suitable candidates for biosorption
[8]. The use of fungal biomass as an adsorbent is cost-effec-
tive, attractive, and environmentally friendly [5,9].

In recent years, the use of nanoparticle adsorbents
has been widely investigated for pollutants removal from
effluents [10]. Carbon nanotubes and iron nanoparticles
are considered as the adsorbents because of their high
surface to volume ratio and easy separation from waste-
water, respectively [11]. However, applying them alone
would not be economical in the industrial scale. To over-
come this problem, bio-adsorbents and nano-adsorbents
can be used together in a single construct. Zhu et al. [12]
prepared chitosan/kaolin/nanosized y-Fe,O, composites
for methyl orange adsorption. Methyl orange (71.0%) was
adsorbed within 180 min from 20 mg L' dye solution by
1.0 g L adsorbent. Sui et al. [13] used the biocomposite
fiber of calcium alginate/multi-walled carbon nanotubes
for the adsorption of methylene blue. The results showed
an increase in the adsorption rate for methylene blue as
compared to that of the free calcium alginate. Zhou et al.
[14] investigated Acid Orange 7 and Acid Orange 10 on
ethylenediamine-modified magnetic chitosan nanopar-
ticles (EMCN). The maximum adsorption capacity of the
EMCN was 3.47 and 2.25 mmol/g for Acid Orange 7 and
Acid Orange 10, respectively. The reported nano-biocon-
structs for contaminant removal from wastewater are
limited to biological polymers such as chitosan. While
the purification process of such polymers is time-con-
suming and costly, using the whole fungal cells as a poly-
mer containing adsorbent structures is a less studied and
cost effective approach. The key aim of this study was to
develop a novel adsorbent by combining nanostructures
and fungal biomass to achieve a nano-biocomposite, to
be used for azo dye removal. Thereafter, the isotherm and
kinetics of the Congo red adsorption process by the con-
structed composite was studied. Moreover, the efficacy of
the nano-bioconstruct was evaluated in the real sample of
polluted wastewater.

2. Materials and methods
2.1. Chemicals and reagents

Congo red (Merck) was used as the azo dye in all the
sorption tests. Iron nanoparticle (US Research Nanomateri-
als, Inc., 20-30 nm) and carbon nanotube (Neutrino, 30 pm)
were used as the nanostructures. All chemicals and reagents
used were of analytical grade. All solutions were prepared
using deionized water throughout the experiment.

2.2. Microorganism

The strain Mucor circinelloides introduced in previous
studies as an efficient azo dye biosorbent (unpublished
data) was revived on potato dextrose agar (PDA). This
strain was deposited in the environmental biotechnology
laboratory of University of Tehran.

2.3. Preparation of fungal biomass

For biomass production, the spores were harvested
from cultures of fungi on PDA and they were transferred
to potato dextrose broth (PDB) flasks. The inoculated flasks
were incubated at room temperature (28 + 1°C) on a rotary
shaker at 120 rpm for 3 d. Cells were harvested by centrif-
ugation at 2630 g, washed twice with sterile distilled water,
and stored for future tests at 4°C.

2.4. Preparation of different nano-biocomposites

To stabilize nanostructures on biomass, 20 g of bio-
mass was dissolved in 200 ml deionized distilled water
and 0.2 g of each nanostructure including magnetite
nanoparticles and carbon nanotubes were added to 100
ml deionized water and shaken at 120 rpm. After 20
min, each nano-solution was added to biomass flasks
and shaked at 120 rpm for 30 min. Then, the produced
nano-biocomposites were separated by centrifugation
at 2630 g and nano-biocomposites were washed using
deionized distilled water.

2.5. Evaluation of dye removal potential of nano-biocomposites

An equal amount of each nano-biocomposite (0.2 g)
was added to 20 ml dye solution containing 1000 mg/L
Congo red. In addition, 0.2 g nanoparticle free biomass
was added to the flask containing 20 ml dye at 1000
mg/L concentration for comparison with nano-biocom-
posites. Three replicate experiments were conducted for
each sample. All flasks were incubated at 120 rpm and
28°C. After 1 h, the nano-biocomposites were separated
by centrifugation at 2630 g and the optical density (OD)
of the supernatants was measured at 500 nm using a
spectrophotometer (Shimadzu uv-160, Japan). The most
efficient nano-biocomposite was selected and used for
further experiments.

2.6. Optimization of dye adsorption

The presence of salt at concentrations of 4-10% in the
textile industry wastewater has adverse effects on dye
adsorption by the adsorbents [15]. Therefore, the effects
of four physical and chemical factors including adsorbent
volume (0.2-1 g), dye concentration (250-3000 mg/L), tem-
perature (25-75°C), and salt concentration (0-20%) on dye
adsorption were examined.

2.7. Adsorption equilibrium

To study the isotherm of adsorption process in the
selected adsorbent, 0.2 g of nano-biocomposite was added
to 20 ml dye solution containing 500, 1000, 2000, and 3000
mg/L of Congo red. The flasks were shaken at 120 rpm for
1 h. The supernatant absorbance was measured at 500 nm.
The biosorption capacity of the biomass g, (mg/g) was cal-
culated using Eq.(1):
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where g, is the biosorption capacity, C and C, (mg/L) are dye
concentrations in solution at initial and ¢ time, V (L) is the
solution volume and m (g) is the wet biomass weight [16].
Isotherm studies were performed to analyze the exper-
imental equilibrium data using the Freundlich and Lang-
muir isotherm models. The model equations are as follows:

1 1

1 1
= +—  logg, =logk, +—1logC
qc qulce qm que Og ! n og ¢ (2)

Langmuir equation  Freundlich equation

where g, is the adsorption capacity of the carbon nanotube
nano-biocomposite at equilibrium, g, is the maximum
adsorption, k. and k, are the Freundlich and Langmuir iso-
therm constants and C, is the dye concentration at equilib-
rium time [17,18].

2.8. Adsorption kinetics

To study the adsorption kinetics, that is, determining
the rate of adsorption steps, 0.2 g of the selected nano-bio-
composite was added to 20 ml Congo red solution at a
concentration of 500 mg/L and the flask was shaken at 120
rpm. Samples were acquired at the determined time inter-
vals. The kinetic equations are as follows:

t 1 1
ln(qt - ’%) = lnqe - klt - kzqu + _(t) (3)

. q; 9.
Pseudo— first order Pseudo — second order

where g, and g, (mg/g) are the amount of dye adsorbed at
equilibrium and t time, k, and k, are the kinetics constants
of the pseudo-first order and pseudo-second order models,
respectively [19].

2.9. Desorption study

To study the desorption performance of the five adsor-
bents, 0.2 g of each previously treated adsorbent with 1000
mg/L Congo red solution was added to acetone 50% v /v,
0.1 M HCl, and NaOH solutions and shaken at 120 rpm and
maintained at 28°C. After 2 h, the cells were harvested by
centrifugation and the absorbance of the supernatant was
measured at 500 nm.

2.10. Scanning electron microscopy and zeta potential analysis

In order to investigate the adsorbent surface, scanning
electron microscopy [20] (Zeiss, Germany) analysis was
performed before and after the adsorption by nano-biocom-
posite.

To determine the charge of the nanobio-composite sur-
face, zeta potential measurements were performed on the
Malvern Zetasizer instrument charge before and after the
dye adsorption.

2.11. Evaluation of the construct efficiency in real textile
wastewater treatment real

The real wastewater sample was provided from a dye-
stuff manufacture located in the south of Tehran and stored

at 4°C in the laboratory. The value of electrical conductiv-
ity (EC), salinity and pH, and total dissolved solids (TDS)
concentration were measured using Mettler Toledo Sev-
enMulti. Total hardness (TH) and alkalinity of the waste-
water samples were measured using Pars Omid Company
kits (Iran). Biological oxygen demand [21], chemical oxy-
gen demand (COD) and total suspended solids (TSS) were
evaluated using the standard method [22]. All measure-
ments were conducted before and after the treatment of
wastewater samples with carbon nanotube biocomposite.
To evaluate the removal efficiency of nano-biocomposite
in dye containing real sample, 20 ml of wastewater was
treated with a mixture of 0.2 g nano-biocomposite and 0.2
g fungal mycelial pellet at 120 rpm for 1 h. Then, the absor-
bance of the separated supernatant was measured at 400
to 800 nm.

In order to estimate the number of fungal spores in the
wastewater sample, 20 ml of wastewater was autoclaved
for 15 min at 121°C, treated with 0.2 g mycelial pellets and
incubated for 2 h at 120 rpm. The supernatant was used to
calculate the colony forming unit (CFU) of fungi on PDA
plates.

3. Results and discussion
3.1. Evaluation of dye removal in different adsorbents

The percentage of Congo red removal using free
fungal biomass, magnetic nanoparticles, magnetite bio-
composite, carbon nanotubes, and carbon nanotube bio-
composite is as shown in Fig. 1. When carbon nanotubes
are used as adsorbents, there are several benefits from
several structural advantages such as the high tendency
for noncovalent interactions like hydrogen bonding, n-n
stacking, electrostatic forces, van der Waals forces, and
hydrophobic interactions with organic molecules and
also the possibility to alter their functional groups, the
volume of micropores, and mesopores and the pores
diameter. In addition, the carbon nanotubes’ capability
for adsorbing the aromatic compound can be moderated
through oxidation. All these features can help scientists
to improve the use of carbon nanotubes for the remedia-
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Fig. 1. Adsorption percentage of different adsorbents in Congo
red solution of 1000 mg/L.
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tion of wastewaters [23]. Because carbon nanotubes pre-
sented the highest dye removal ability, does not make it
cost effective to use them in large scale [24]. The lower
surface area to volume ratio of microorganisms than car-
bon nanotubes makes their adsorption capacity fall lower
than that of the carbon nanotubes. However, fungi bene-
fit from higher surface area to volume ratio among micro-
organisms. Also, the possible explanation for the high
adsorption capacity of fungi is the presence of chitin, a
major structural polysaccharide in fungal cell wall com-
position with two important functional groups, hydroxyl
and amine, which may interact with the existing elements
of the wastewater. Therefore, further experiments were
conducted using carbon nanotube-biocomposite which
showed the highest adsorption percentage of Congo red
after carbon nanotubes.

When compared with other previously reported bio-
sorbents, M. circinelloides with the capability to remove 67.1
mg Congo red per gram of biomass can be considered as
an efficient biosorbent. Some other fungal strains have sig-
nificant sorption capacity such as 149.25, 334.83, and 101.1
mg/g for Trametes pubescens, Penicillium janthinellum, and
Rhizopus oryzae, respectively. However, others have weak
performance such as Aspergillus niger and waste red mud
with 14.16 and 4.05 mg/g dye biosorption (Table 1). Table 1
shows the fungal biosorbents’ benefit from considerable
adsorption capacity which can possibly be attributed to the

Table 1

225

presence of various polymers in their cell wall composition,
including chitin and chitosan. Our results showed that the
sorption capacity increased from 67.1 to 131.58 mg/g when
the sorbent was switched from fungal biomass to carbon
nanotube biocomposite.

3.2. Optimization of dye adsorption

The study of the effect of physicochemical factors
showed that the highest adsorption was obtained when
the amount of biomass was 1 g and the salt concentration
was 5%. The presence of salt increased dye adsorption by
carbon nanotube nano-biocomposites. When considering
the presence of salt in textile industry wastewater, salt can
be considered as a contributing factor in the dye adsorp-
tion process. The concentration of salt in textile industry
wastewater is in the range of 4 to 10% and it interferes
with the dye adsorption process [15]. Here, 40% of the dye
was removed in the absence of salt and 95% at the concen-
trations of 5, 10 and 20% of NaCl. This enhancement can
be attributed to the stability of the physiological activi-
ties of fungal mycelium in the presence of salt. Moreover,
the presence of salt decreases the thickness of the fungal
membrane bilayer which can improve dye biosorption
using fungal mycelium. Similar results were found by
Wang et al. [2] who observed that increasing Congo red

Comparison of adsorption capacity, isotherm and kinetic of different chemical and biological nano-sorbents

Adsorbent Adsorption Isotherm Kinetic Reference
capacity
(mg/g)
Bioadsorbents Aspergillus niger 14.16 Radke-Prausnitz First order and pseudo [25]
second order
Trametes pubescens 149.25 Freundlich Pseudo-second-order  [26]
Penicillium janthinellum 344.83 Langmuir Pseudo-second-order  [2]
Rhizopus oryzae 101.1 Redlich-Peterson Pseudo-second-order  [27]
Chitosan hydrobeads - Langmuir Pseudo second-order  [28]
Chemo-sorbent Crgano-attapulgite 189.39 Langmuir Pseudo-second-order  [29]
Waste red mud 4.05 Langmuir and Freundlich - [30]
Nano-adsorbents Magnetic Fe,O,-graphene 33.66 Langmuir and Freundlich Second-order kinetic ~ [31]
nanocomposite
Maghemite nanoparticles 208.33 Langmuir - [32]
(y-Fe,0,)
graphene/polyaniline/ 9791 - - [33]
cuprous oxide composite
hydrogel
Zinc oxide 334 Langmuir Pseudo-second-order  [34]
Ni/Mg/Al layered double 1250 Langmuir Pseudo-second-order  [35]
hydroxides
NiO-ALQO, 357 Langmuir Pseudo-second-order  [36]
Bio-Nanocomposites Xanthan gum/silica hybrid 209.205 Langmuir Pseudo-second-order  [37]
nanocomposite
Chitosan/Montmorilloe 54.52 Langmuir Pseudo-second-order  [38]
nanocomposite
Nano- mycocomposite 127.2 Langmuir Pseudo-second-order  This study
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Fig. 2. The effect of salt concentration (in dye concetration of 3000 mg/L and 0.2 g biomass), dye concentration (0.2 g biomass), tem-
perature (in dye concetration of 3000 mg/L and 0.2 g biomass) and adsorbent amount (in dye concetration of 3000 mg/L ) in the

efficiency of Congo red adsorption by M. circinelloides.

biosorption using P. janthinellum increased the salt con-
centration.

In addition, increasing biomass amount resulted in the
enhancement of dye adsorption percentage. Sivasamy et
al. [16] reported that by increasing biomass of A. niger and
Trichoderma sp., the rate of dye removal was also increased.
In the case of dye concentration, the more the dye concen-
tration, the less removal percentage by nano-mycosorbent.
A possible explanation for this reduction is that the binding
sites on the nano-mycosorbent would have been filled at
almost 500 mg/L dye concentration and 10 g/L adsorbent
concentration and dye cannot be attached to the nano-bio-
composite anymore.

The investigated results of the temperature effect on bio-
sorption showed that increasing the concentration to 50°C
would increase the dye adsorption by the adsorbent. The
reason for this is probably the increased mobility of the mol-
ecules and the reaction between them and the adsorbent.

3.3. Adsorption equilibrium

Evaluating the maximum capacity of adsorption and
the adsorption isotherm model showed that the adsorp-
tion process followed Langmuir adsorption equation
with regression coefficient of 0.9562. This showed that the
adsorption process was performed using the monolayer
form and the adsorption sites are not infinite on the adsor-
bent. The maximum adsorption capacity of the adsorbent
was calculated as 131.58 mg/g. The results of models lin-
earity tests for Congo red adsorption on carbon nanotube
nano-biocomposite are as shown in Fig. 3.

As shown in Fig. 3, g was 131.58 mg/g. Since 1/n
(heterogeneity factor) is 0 < 1/n < 1, it can be concluded
that adsorption is favorable. Furthermore, there are many
sites on nano-biocomposite surface. Different studies have
shown that adsorption of various adsorbents follow differ-
ent models [39,40].

According to Table 1, each adsorbent follows a specific
isotherm model for each adsorbate and it is not possible to
attribute an isotherm model of an adsorbent to the other
one, whether it is the same type or not, that is, biological,
chemical, nano-based or combination of them.

3.4. Adsorption kinetics

In kinetics experiments, sampling was done at differ-
ent time intervals. Pseudo-first order and pseudo-second
order models were studied for dye adsorption process and
their correlation coefficients (r*) were compared. As shown
in Fig. 4, the correlation coefficient of pseudo-second order
model was found to be greater than that of the pseudo-first
order model, suggesting the fitness of pseudo-second order
kinetics model to the obtained data. A second order reac-
tion depends on the concentrations of one second order
reactant (dye concentration or adsornent dosage), or two
first order reactants.

3.5. Desorption study

Investigating the effect of three different solvent on
desorption of Congo red indicated that acetone 50% had the
most effect on dye desorption (Fig. 5). Acetone has shown
dye desorption of about 60% and 50% for free biomass and
nano-biocomposite, respectively. It can be a suitable solvent
for reusing adsorbent materials.

3.6. Scanning electron microscopy and zeta potential analysis

The SEM images showed that nanostructures were fixed
on fungal mycelial pellets and dye removal mechanism was
adsorption (Fig. 6). The images showed the precipitation of
dye particles on the nano-bioadsorbent surface.

The zeta potential analysis showed that the surface net
charges of fungal biomass are —12.7 and 15.9 mV before and
after adsorption, respectively. The results showed that dye
adsorption process caused the surface net charge of the adsor-
bent to become more negative which was due to the presence
of sulfonic acid groups in the structure of Congo red.

3.7. Evaluation of the construct efficiency in textile wastewater
treatment

Releasing the polluted industrial effluent into the
environment leads to environmental aesthetic, preventing
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Fig. 3. Adsorption isotherm models of Congo red (500, 1000, 2000 and 3000 mg/L) on M. circinelloides: A) Langmuir isotherm and B)
Freundlich isotherm.

A 15 y=-00336x+14534 B 2 1 v =0.0253x + 0.03
F?=0.9541 R*=0.9997
11 o 16 -
= 05 ! 12 -
g ° 10 20 30 40 08
= 05 - -
04
1
0 T T T T T T 1
-1.5 - 0 10 20 30 40 50 60 70
Time (min) Time (min)
C
Adsorption K, (g/fmg min) g, (mg/g) 12
Kinetic
parameters
pseudo-first order 0.0336 4.28 0.9541
model
K; (g/mg min) q. (mg/g) r’
pseudo-second 1.92 39.52 0.9997
order model

Fig. 4. Parameters of kinetics models in Congo red adsorption by nano-biocomposite containing carbon nanotubes and M. circinel-
loides biomass: A) Pseudo-first order model and B) Pseudo-second order model.
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photosynthesis in aquatic environments, reducing oxygen
of water and generally disrupts the food chain of aquatic
environments [41]. On the other hand, textile manufactur-
ers must treat their wastewater before releasing it into the
environment, thus highlighting the importance of applying
efficient adsorbents for dye mixture removal. The value of
TDS, TSS, BOD, COD, TH, pH, salinity, EC, and alkalinity
before and after treatment is shown in Table 2. Centrifuga-
tion of the treated wastewater sample prior to analytical
experiments eliminated the suspended solids in the super-
natant and therefore caused the TSS value to be zero. 5 x 10?
CFU per ml of wastewater was calculated after 24 h incu-
bation of PDA plates and this should be removed in further
steps of wastewater treatment.

Visible spectrum after dye mycosorption and nano-bio-
composite adsorption demonstrated that nanobiocompos-
ites are capable of removing a significant portion of dyes in
a mixture effluent of textile wastewater (Fig. 7).

Dt 8 Falt 2017
Tema 111524

1-5[1
Magr S00KX

2um BT e 5000
WO BSrm

TEITY|

Sagrad A v SE1

2m EWT = 2000
r WO= §Sewm [

Duie 8 Fob 2007

S0KK Time 113043

Dute #Feb 2917 —

Mags SODKX Tese 111808

Fig. 6. Scanning electron microscopy images of fungal mycelial pellet: A) before and B) after Congo red adsorption and C) before

and D) after dye adsorption by carbon nanotube-biocomposite.
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Table 2
Value of wastewater quality parameters before and after
treatment

Untreated Treated
wastewater wastewater
pH 85 7.6
BOD (mg/L) 8188 1929
COD (mg/L) 21835 5145
TDS (mg/L) 1612 1554
TSS (mg/L) 895 0
TH (ppm) 350 350
Salinity (ppt) 1.83 176
EC (ns/cm) 3.22 3.1
Alkalinity (ppm) 30 10

e Conitrol

= = Treated wastewater by
fungal biomass

Absorption

------ Treated wastewater by
nano-biocomposite

400 500 600 700 800
Wavelength (am)

Fig. 7. Untreated (A) and treated (B and C) textile wastewater
by M. circinelloides mycelial pellets and carbon nanotube bio-
composite. Visible spectrum of actual wastewater was shown
before and after treatment by fungal mycelial pellets and nano-
biocomposite.

4. Conclusions

In the present study, the biological and nano-based
strategies were combined to create a single adsorbent for
Congo red remediation from effluents. The constructed fun-
gus-nanocomposite can remove 85% of Congo red which is
18% more than that of free fungal adsorbent under the same
condition. The adsorption isotherms and kinetics studies
showed that the biosorption process is in good agreement
with the Langmuir isotherm and pseudo-second-order
kinetics models, respectively. The composite exhibited a
satisfactory desorption performance. The obtained data can
be a prerequisite for further investigations to develop a suit-
able and cost effective adsorbent for wastewater treatment.

Symbols

q, — Biosorption capacity (mg/g)

G, — Dye concentration in solution at initial time
(mg/g)

C, — Dye concentration in solution at equilibrium
time (mg/g)

k, — The kinetics constants of pseudo-first order
model

k, — The kinetics constants of pseudo-second order
model

kf — Freundlich isotherm constant

k, — Langmuir isotherm constant

m

qm

q:
TDS

TSS

BOD
COD

TH
v

229

Wet biomass weight (g)
Maximum adsorption (mg/g)
Amount of dye adsorbed at t time
Total dissolved solids

Total suspended solids
Biochemical oxygen demand
Chemical oxygen demand

Total Hardness

Solution volume (L)
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