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ABSTRACT

The surface of the scarlet firethorn biomass was modified with dimethylglyoxime. Modified
biosorbent (DMGPC) was evaluated for its potential to remove methylene blue (MB) dye
from contaminated solutions. Batch- and continuous-mode biosorption conditions were
examined by varying initial pH (2.0-10.0), biomass dosage (0.4—4.0 gL_l), time (5-60 min),
initial dye concentration (10-1,000 mgL™"), temperature (15-45°C), and flow rate
(0.5-6.0 mL min'). Langmuir isotherm and the pseudo-second-order kinetic models were
used to describe the biosorption process in addition to mechanism characterization. Good
biosorption yields were recorded with small amounts of DMGPC. The maximum monolayer
biosorption capacity of DMGPC was 266.92 mg g~ '. DMGPC exhibited almost 100% regener-
ation potential up to 20 cycles, and it was successfully used in the synthetic wastewater
conditions. DMGPC also showed very good biosorption yield (100%) up to 2000 min in
dynamic flow mode. Mechanism of the decolorization process was investigated by zeta
potential measurements, IR, and SEM analysis. Results revealed that DMGPC could be a

low-cost, effective, and reusable candidate for the removal of MB from aqueous solutions.
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1. Introduction

Uncontrolled discharge of the colored effluents into
receiving water streams can create hazardous effects
on living systems in addition to visual pollution.
Many dyes are carcinogenic in nature and toxic at
even low concentrations. Toxic amine compounds can
be produced from complex aromatic structure of dyes
at degradative conditions. Physical and chemical
methods such as electrocoagulation, membrane

*Corresponding author.

filtration, ion exchange, irradiation, coagulation,
flocculation, and ozonation are suggested for the
removal of different pollutants from contaminated
waters. However, some technical or economical limita-
tions encountered in the application of these methods
have directed attention to search for effective alterna-
tives [1]. Adsorption has been increasingly preferred
process in this field with the advantages of high effi-
ciency, low cost, wide adaptability, design simplicity,
etc. [2]. Biosorption is a biomass-based treatment pro-
cess. It utilizes adsorption potential of the different
biomaterials for the removal of organic and inorganic
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pollutants [3-12]. In recent years, some efforts have
been made to develop efficient biosorbents for water
treatment. A number of studies have been carried out
to improve the biosorption abilities of biomaterials by
applying chemical modifications [13-22]. However, a
limited number of studies have been reported for the
utilization of surfactant-modified biomasses as effi-
cient biosorbents in the treatment of dye-contaminated
solutions so far [23-27].

In this direction, biomass obtained from scarlet
firethorn (Pyracantha coccinea) was modified with dim-
ethylglyoxime (DMG) and effectively used for the bio-
sorption of methylene blue (MB) from contaminated
solutions. Scarlet firethorn berries were used as a bio-
mass source, because of their known biosorption
potential toward dye molecules and good response to
surface modification [25,28]. MB was selected as a
model dye, because it is commonly found in the efflu-
ents from dye houses and textile industry. Although
MB is not a strongly hazardous dye, it may cause seri-
ous health problems such as gastritis, abdominal and
chest pain, diarrhea, nausea, profuse sweating, vomit-
ing, severe headache, mental confusion, painful mic-
turation, and methemoglobinemia depending on the
environmental exposure [29-32]. Also hemoconcentra-
tion, hypercapnia, acidosis, hypothermia, increase in
blood pressure, corneal injury, respiratory frequency
and amplitude, conjunctival damage, and Heinz body
formation were described as some toxic effects
observed in animals exposed to this dye [31,33].

2. Materials and methods
2.1. Biosorbent modification and solutions

The mature berries of scarlet firethorn used in the
present study were collected from a number of plants
in autumn. Later, they were washed several times with
distilled water and dried at 60°C for 24 h. The dried
biomass was grounded using a laboratory mill (IKA
A11) and sieved to get size fraction of less than 212 pm.
Forty grams of raw biomass sample were suspended in
DMG solution (0.1%). The suspension was stirred at
200 rpm at room temperature for 24 h. DMGPC was
separated from the mixture by filtration. Next, it was
washed with deionized water and dried again.

The stock solution (1.0 gL ™) of MB (chemical for-
mula: C;6H;5CIN3S-2H,O (M.W. 355.89 g mol ™) maxi-
mum wavelength 663 nm) was prepared by dissolving
specified amount of dye in deionized water. Other
solutions used in the experiments were prepared by
dilution of stock solution to the required concentra-
tions. Fresh dilutions were used in all the experiments.
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About 0.1 molL™! HCI or 0.1 M NaOH solutions were
used for pH adjustments.

2.2. Batch- and continuous-mode biosorption experiments

Batch biosorption studies were conducted on a
multipoint magnetic stirrer and a known amount of
biosorbent sample was added into 100 mL beakers con-
taining 25 mL of dye solutions. At the end of the each
experiment, the biosorbent sample was separated from
the biosorption mixture by centrifugation at 4,500 rpm
for 3 min. The concentration of residual dye in the
supernatant was analyzed spectrophotometrically at
maximum wavelength of dye. Cylindrical glass col-
umns with 11 mm internal diameter (i.d.) and 100 cm
length were used for continuous flow-mode biosorp-
tion studies. A known quantity of biosorbent was
packed between two layers of glass wool filters into the
columns. MB solution was pumped out with a
peristaltic pump. Pump and columns were connected
by tygon tubing. Eluents were collected from the bot-
tom of the columns and analyzed for residual dye con-
centration. In order to investigate the regeneration
potential of DMGPC in dynamic flow mode, the col-
umn was eluted with 0.01 molL™" HCl and then
packed bed was washed with deionized water. So, the
regenerated packed bed was reused for the next
biosorption cycle. The batch- and continuous-mode
biosorption performance of DMGPC was also tested in
a synthetic wastewater medium including MB dye.

2.3. Biosorbent characterization

Zeta potential measurements of DMGPC were con-
ducted by a Zetasizer Nano ZS (Malvern Instruments,
UK). IR spectra of DMGPC and dye-loaded DMGPC
were recorded using Bruker Tensor 27 model spectro-
photometer in the wave number range of 400 and
4,000 cm™!. The surface microstructure of DMGPC
was visualized by a scanning electron microscope
(JEOL 560 LV SEM) with combined energy dispersive
X-ray analyzer at 20 kV acceleration voltage and
1,000% image magnification. Prior to analyze, biomate-
rial was coated in a Polaron SC-7620 Sputter Coater
using a gold—palladium target to improve electron
conductivity and image quality.

3. Results and discussion
3.1. Effect of initial pH on the biosorption

Initial pH of the solution is an important
parameter affecting the possible interactions between
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biosorbent and pollutant. The effect of pH on MB bio-
sorption yields of scarlet firethorn and DMGPC was
screened in the pH range of 2.0-10.0. The results in
Fig. 1 indicated that the biosorption yields of both bio-
sorbents increased with increasing pH and reached
the highest level at pH 4.0. This finding may be attrib-
uted to an increase in the negative charge density on
the biosorbents. As a result of deprotonation, the sur-
face of the biosorbents becomes negatively charged
and this increases the possible interactions between
biosorbent surface and cationic dye. Biosorption yields
were recorded as 93.80+1.08 and 98.46+0.04% for
scarlet firethorn and DMGPC, respectively, at optimal
pH value. When the initial pH of the dye solutions
was adjusted to higher pH values up to 10.0, biosorp-
tion yields stayed approximately constant (p>0.05).
The good biosorption yields in the pH range of
4.0-10.0 for both biosorbents are also confirmed by the
zeta potential measurements. The surface charges of
these biosorbents lie between —20 and —30 mV in this
pH range. The isoelectric point of the natural biosor-
bent [28] slightly shifted to ~2.2 after DMG modifica-
tion. The original pH value of the dye solutions was
recorded as 7.0. Therefore, MB solutions were used
without pH adjustment in further biosorption trials.

3.2. Effect of biosorbent dosage on the biosorption

The decolorization performances of the scarlet fire-
thorn and DMGPC were tested using different
amounts of biosorbent and the results are presented in
Fig. 2. The dye-loading yield of DMGPC increased
from 81.02+0.38 to 98.15+0.12% when the biosorbent
dosage increased from 0.4 to 1.6gL™', but at this
point decolorization yield of scarlet firethorn was
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Fig. 1. Effect of pH on the MB biosorption onto scarlet
firethorn and DMGPC.

S.T. Akar et al. | Desalination and Water Treatment 57 (2016) 5546-5553

93.03+0.11%. The initial increase in biosorption with
biosorbent amount can be ascribed to stronger driving
force and layer surface area [34]. Therefore, 1.6 gL ™"
was selected as the optimum biosorbent dosage for
DMGPC for cost-effective treatment of MB dye. A sig-
nificantly higher decolorization yield with a small
amount of DMGPC confirmed the positive effect of
chemical modification on the biosorption process. The
enhancement in the decolorization yield of scarlet fire-
thorn may be attributed to the additional hydroxyl
groups of DMG on the biosorbent surface after the
modification process.

3.3. Effect of ionic strength on the biosorption

The presence of other competing ions in the bio-
sorption medium can reduce the biosorption perfor-
mance of a biosorbent for a target pollutant.
Therefore, the effect of competing ions on the MB bio-
sorption potential of DMGPC was studied at various
ionic strengths under predetermined optimum condi-
tions and the results are given in Fig. 3. When NaNOj;
concentration in the biosorption medium was
increased from 0.01 to 0.2 molL™}, the biosorption
yield of DMGPC decreased from 88.21 +0.03 to 52.29
+0.09%, from 85.49 +0.05 to 50.81 £0.13%, and from
79.79 +0.14 to 49.86 + 0.03% at temperatures of 15, 30,
and 45°C, respectively. The lower biosorption yield at
higher ionic strength may be explained by the
competition between cationic dye and sodium ions
(Na") for the same binding sites present on the
DMGPC surface. This behavior indicated that the ion
exchange could be responsible for decolorization pro-
cess. Another way to explain the adverse effect of
ionic strength may change the activity coefficient of
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Fig. 2. Effect of biosorbent concentration on the biosorption
of MB onto DMGPC.
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Fig. 3. Effect of salt concentration on the biosorption of
MB onto DMGPC.

cationic dye molecules and thus limit their transfer to
solid phase [35-37].

3.4. Kinetics of the biosorption process

The biosorption kinetics helps to understand the
biosorption dynamics, to predict the most suitable
models and to determine the equilibration time. This
information could be used for the large-scale applica-
tions of the suggested biosorption system [38]. In
order to model MB biosorption at three different tem-
peratures (15, 30, and 45°C), the pseudo-first-order
[39] and the pseudo-second-order [40] rate equations
have been used. R* values along with the rate con-
stants and calculated g. values were included in
Table 1. R* values for pseudo-first-order model were
very low and this model failed to predict g. values
accurately at all studied temperatures. The calculated
ge values from the pseudo-second-order kinetic model
with R® values of 0.999 closely matched with the
experimental values at the studied temperatures. The
biosorption capacity of DMGPC decreased with
increasing temperature while the biosorption rate
increased proportionally with temperature. As conclu-
sion, the biosorption process of MB onto DMGPC

Table 1
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followed the pseudo-second-order kinetic model and
exothermic in nature.

3.5. Equilibrium study

In this study, Langmuir [41], Freundlich [42], and
Dubinin-Radushkevich (D-R) [43] isotherm equations
were used to describe MB biosorption onto DMGPC.
The Langmuir isotherm model assumes a monolayer
biosorption onto a surface with a finite number of
identical binding sites [44]. The essential characteris-
tics of the Langmuir isotherm can be expressed by
means of “Rp”, a dimensionless equilibrium constant
defined as Ri = 73— where C, is the highest initial
dye concentration. Ry can be used to determine
whether the biosorption process is favorable or
unfavorable as follows [45,46]:

0 <Ry <1 favorable

Ry > 1 unfavorable

Ry =1 linear

Ry =0 irreversible.

The isotherm model parameters for the biosorption
of MB onto DMGPC calculated from the Langmuir
(1/ge vs. 1/Ce), Freundlich (Ing. vs. InC.), and D-R
(Ing. vs. £%) isotherm plots (figures not shown) at dif-
ferent temperatures are listed in Table 2. It seemed
that all of the isotherm models fit well when the R*
values are compared. Fitting degree decreased in the
order of Langmuir > Freundlich >D-R in this study.
The best description of MB biosorption by Langmuir
isotherm means that the dye uptake occurs on a
homogenous surface by monolayer biosorption. The
biosorption capacity decreased with increasing tem-
perature and the maximum monolayer capacity was
found as 7.50 x 10 * mol g at 15°C. This proved the
exothermic nature of MB biosorption onto DMGPC.
Kr values were found between 9.20x10° and
233x10%Lmol Y, #n values between 0 and 10
(2.567-9.759) indicated that MB biosorption onto
DMGPC was favorable at all temperatures studied
[47] and tends to increase with increasing tempera-
ture. Recorded R; values in the present study also
supported the favorable biosorption of MB by

Kinetic parameters for the biosorption of MB onto DMGPC at different temperatures

Pseudo-first-order

Pseudo-second-order

t (°C) ki (min™") ge (mg g™ ") R? ky (g mg 'min~") ge (mg g™ ") R?

15 3.44 x1072 7.08 0.344 417x107° 120.73 0.999
30 —-6.25x 1072 0.52 0.773 9.48x107° 112.50 0.999
45 1.54x107° 1.93 0.197 2.09 %1072 104.19 0.999
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Table 2
Isotherm model constants for the biosorption of MB onto DMGPC
Langmuir model Freundlich model (D-R) model
t Jmax KL dm ﬂ RD— &
(‘C) (molg™ (Lmol™ R Rp n Ke(Lg™ R¢ (molg) (molPK™ g (k] mol™)
15 750x10*  1.33x10* 0956 4.26x107% 9.759 233x107% 0.993 2.86x107° 211x107° 0946 10.87
30 5.12x107%  1.93x10* 0949 298x1072 2423 1.35x1072 0922 2.15x107° 1.94x107° 0.920 16.04
45  483x107*  2.02x10* 0970 2.85x1072 2567 9.20x10° 0949 1.64x107° 1.77x107° 0.970 16.80
DMGPC. The mean free energy values of biosorption 105
are found between 10.87 and 16.80 k] mol ' at differ-
ent temperatures. These findings imply that MB _ 100
biosorption onto DMGPC may occur via chemical %
ion-exchange mechanism. 2 *1
3.6. Column biosorption of MB 2 o
2 ]
Column biosorption studies were carried out at
different flow rates and biosorbent amounts. 80 1
The flow rate of MB solution was varied from 0.5
75

to 6.0 mL min~" by keeping the initial dye concentra-
tion at 100 mgL™". The results are presented in Fig. 4.
The biosorption yield of DMGPC strongly depends on
flow rate of biosorbate and significantly decreased
with an increase in flow rate. The maximum biosorp-
tion yield of DMGPC was found as 95.91 £ 0.11% at a
flow rate of 0.5 mL min~'. This may be attributed to
the longer residence time of solute in column at lower
flow rates [48]. Therefore, 0.5 mL min~! was selected
as optimum flow rate in this study.

DMGPC amount filled into the column was chan-
ged from 0.01 to 0.05g in order to investigate the
effect of bed height on the biosorption. The results are
included in Fig. 5. The biosorption yield of DMGPC
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Fig. 4. Effect of flow rate on the biosorption of MB onto
DMGPC in continuous system.
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Fig. 5. Effect of biosorbent amount on the bisorption of
MB onto DMGPC in continuous system.

increased from 78.97 + 0.35 to 99.59 + 0.02% when the
biosorbent amount in the column was increased from
0.01 to 0.03 g (p<0.05). The higher biosorption yields
at higher amounts of biosorbent can be explained by
the higher bed heights. Hence, the higher bed height
provides increased surface area with more binding
sites and longer residence time for biosorbate in the
column [49-51]. A further increase in the biosorbent
amount up to 0.05 g did not cause any change in the
biosorption performance of the biosorbent (p > 0.05).
This may be due to the saturation of active sites on
the biosorbent by dye molecules. Therefore, the
optimum biosorbent amount was selected as 0.03 g for
column biosorption studies.

3.7. Reusability potential of DMGPC and breakthrough
study

The regeneration ability of the biosorbents is an
important feature in assessing their potential for com-
mercial applications. In order to investigate the reus-
ability potential of DMGPC, biosorption/desorption
cycles were repeated for 20 times in same packed bed
column. High biosorption and desorption yields were
observed for the first eight cycles. At the end of the
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14th cycle, the biosorption efficiency of DMGPC
decreased from 99.87 £0.01 to 56.56 =0.59% and
remained almost constant up to 20th cycle. This
decrease in the biosorption yield of DMGPC toward
MB dye may be explained by a slight degeneration in
the sorbent structure as a result of HCI treatment.
However, the regeneration potential of DMGPC was
almost 100% in each cycle.

In order to predict the breakthrough curve for MB
biosorption onto DMGPC, 100 mgL™" dye solution
was fed at 0.5 mL min~" into the column packed with
1.0g of DMGPC. The breakthrough time emerged
around 2000 min and packed bed column reached to
exhaustion after 3,980 min. The decolorization process
followed the typical S-shaped breakthrough curve and
indicated that favourable biosorption in continuous
mode treatment. Similar observation was also reported
by Vijayaraghavan and co-workers for the treatment
of Reactive Black 5 contaminated solutions by brown
seaweed packed column [13].

3.8. Synthetic wastewater application

The batch- and continuous-mode biosorption
potential of DMGPC developed in this study was
tested in real wastewater conditions. For this aim, a
synthetic wastewater sample was prepared by includ-
ing different components and its chemical composition
is given in Table 3. The biosorption yields of DMGPC
were found as 53.08 + 0.29 and 59.50 + 0.13% in batch
and column modes, respectively. According to these
results, slight matrix effect was observed at synthetic
wastewater conditions. This effect may be explained
by the competition between dye cations and other cat-
ionic components in synthetic wastewater for binding

Table 3

Chemical composition of synthetic wastewater sample
Compound Amount (g)
NH,CI 11.46
K,HPO, 3.37
(NH4),SO4 1.50
Ca(NO3)2-4H2O 4.04
MgCl,-6H20 4.18
(NHy),-Fe(SOy)» 7.02
CuC12-2H20 0.04
ZnCl, 0.08
MHCIZ'ZHzo 0.05
NiSO4-6H,0 0.047
CoCl,-6HO 0.016
H3BO; 0.057
Na,MoO42H,0 0.001
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to active sites on the biosorbent surface. In conclusion,
the DMGPC could be successfully applied to indus-
trial dye wastewater with a small decrease in its
biosorption performance for MB.

3.9. Mechanism characterization

SEM micrograph of DMGPC indicated rough and
irregular surface structure of biosorbent. This structure
was considered as helpful for the biosorption of MB
molecules onto different parts of biomaterial.

In order to determine the modification effect on the
biosorbent, IR spectra of natural [28] and DMGPC
were compared. The following differences were
recorded between the peak positions of natural biosor-
bent and DMGPC: The peaks at 3,415 and 1,421 cm™!
in the IR spectrum of natural biomass shifted to 3,422
and 1,431 cm’}, respectively, after the modification
with DMG. The new peaks at 1,458, 1,375, and
1,161 cm™" in the spectrum of DMGPC can be ascribed
to -CHj;, -CH,; bending, and —CN stretching vibrations,
respectively. Also, the phosphate peak at 1,078 and
C-O peak at 1,036 cm™' in the spectrum of natural
biomass shifted to 1,105 and 1,055 cm ! in the IR spec-
trum of DMGPC. On the other hand, after the biosorp-
tion process, the absorption band at 1,633 cm™" in the
spectrum of DMGPC was observed as double band at
1,626 and 1,605 cm™!. The peak at the wave number of
1,458 cm ™! disappeared and the intensities of the peaks
at 1,161, 1,105, and 1,055 cm ' decreased. The peak at
1,055 cm ™! also shifted to 1,034 cm™!. Furthermore, a
new peak at 714 cm™' in the spectrum of dye-loaded
DMGPC may be attributed to the aromatic -CH vibra-
tions of dye. These findings confirmed the possible
interactions between MB dye and DMGPC.

4. Conclusion

Decolorization potential of scarlet firethorn for MB
dye was significantly enhanced by DMG modification.
Temperature negatively affected the biosorption
capacity of DMGPC and showed an exothermically
controlled mechanism for MB biosorption. On the
other hand, equilibrium time decreased as a result of
enhanced biosorption rate with increasing tempera-
ture. MB biosorption process preferably obeyed the
pseudo-second-order model, while the Langmuir iso-
therm best described the equilibrium data. The maxi-
mum monolayer biosorption capacity was found as
7.50x10* mol g ' (266.92 mg g ). Regeneration stud-
ies over 10 consecutive cycles indicated that the sug-
gested biosorbent maintained consistently high
biosorption yield (>70%). Although a small decrease
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in the biosorption yield at synthetic wastewater condi-
tions, applicability of DMGPC for MB removal from
complex water media was proved. DMGPC showed
an excellent dye biosorption potential for a long time
(up to 2000 min) in continuous flow mode as an
important advantage for industrial scale applications.
Finally, MB biosorption process mainly included ion-
exchange and complexation mechanisms in addition
to the electrostatic interaction.
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