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ABSTRACT

Magnetic corn straw (MCS) was prepared by glutaraldehyde cross-linking, and the resulting
MCS was chemically modified with glutamic acid to synthesize glutamic acid-modified MCS
(GMCS). GMCS was investigated by scanning electron microscopy, Fourier-transform infra-
red spectroscopy, and potentiometric titration. The results reveal that nano-Fe3O4 was stably
cross-linked with the corn straw, and the carboxyl on the MCS surface was modified. GMCS
was used for the adsorption of methylene blue (MB). Several factors affecting MB adsorption
on MCS and GMCS, namely, pH, contact time, initial MB concentration, and reaction temper-
ature were investigated. The adsorption capability of GMCS for MB was observed to be
superior to that of MCS. The maximum adsorption capacity of GMCS for MB (196.46mgg�1)
was attained with an initial MB concentration of 300mgL�1 at pH 6.0 and 60˚C for a contact
time of 60min. The adsorption process followed the pseudo-second-order kinetic model and
the Langmuir isotherm equation. Desorption and regeneration experiments were conducted,
and the recovery efficiencies were maintained between 90 and 70% using absolute ethanol as
eluent.
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1. Introduction

Given the outstanding industrial development,
large amounts of dyes are widely used in textiles,
cosmetics, paper, leather, pharmaceuticals, food, and
other industries. However, waste water from dye pro-
duction can lead to various environmental problems.
Among the various dyes, methylene blue (MB) is
a typical cationic dye that is mainly used in textiles
[1–3], which is difficult to remove from the environ-

ment because of its complex aromatic ring structure.
Thus, the development of an effective method to
remove MB from the environment is urgently needed.
In recent years, the adsorption method has been highly
valued because of its effectiveness, low cost, easy
availability, and ability to treat dyes in more concen-
trated forms [4–6]. Numerous absorbent materials have
been successfully used to remove dyes from waste
water [7–9]. However, poor absorption capacity and
regeneration have limited their practical applications.
The problem of regeneration can efficiently be solved
by the magnetic separation technique [10,11].*Corresponding author.
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Corn waste, a cost-effective, easily available, and
safe biological material, has shown great potential for
the removal of dyes and heavy metals [12,13]. Corn-
cobs, as corn waste, are mainly applied for the absorp-
tion of heavy metals and dyes in waste water [14,15].
Several studies have reported that untreated corn
straw (CS) waste has low adsorptive capacity, which
cannot meet the technical requirement of modern
industry. Therefore, modifying CS waste is necessary.
According to previous reports, the amount and spe-
cies of functional groups, such as hydroxyls and car-
boxyls, on the surface of adsorbents are significantly
responsible for their adsorption capacity in waste
water treatment [16–20]. In this work, glutamic–acid
was used to modify magnetic corn straw (MCS) to
prepare glutamic acid-modified magnetic corn straw
(GMCS). GMCS was characterized by scanning elec-
tron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), and potentiometric titration anal-
yses. GMCS was used to adsorb MB, and the adsorp-
tion mechanism was also examined.

2. Materials and methods

2.1. MB solutions

MB was purchased from Tianjin Chemical Reagent
No. 1 Plant, China. A stock solution of MB was
prepared by dissolving 1.0 g of MB in 1L of deionized
water. Various working concentrations (50–450
mgL�1) were obtained by diluting the stock solution.
The pH of the solution was adjusted to the desired
level by adding a small quantity of HCl (0.1mol L�1)
or NaOH (0.1mol L�1).

2.2. CS pretreatment

CS was washed with deionized water several times
to remove soluble impurities and adhered dirt. The
sample was dried, crushed, and screened through a
set of sieves with geometrical particle sizes of
100mesh. The resulting sample was dispersed in
NaOH (0.1mol L-1) at 60˚C for 2 h and washed with
deionized water until pH 7.0 was reached. Finally, the
dried sample was stored in an airer for further use.

2.3. MCS preparation

Magnetic nano-Fe3O4 was preformed according to
a previous report [21]. CS (10.0 g) was stirred in
200mL of glutaraldehyde solution (0.5 wt% in water)
for 12 h, and, then nano-Fe3O4 (2.0 g) was added to
the suspension. After continuous shaking for another

24 h at room temperature, MCS was magnetically sep-
arated by an applied magnetic field. Finally, the MCS
product was washed several times to remove the
remaining glutaraldehyde and dried under vacuum at
60˚C [22].

2.4. GMCS preparation

Glutamic acid (2.0 g) was added to 150mL of
deionized water and adjusted to pH 10 in a conical
flask, and then 5.0 g of MCS was added. The mixture
was stirred at room temperature for 24 h to yield
GMCS. The GMCS obtained was separated from the
mixture by an external magnet and was washed sev-
eral times with deionized water. Finally, GMCS was
freeze-dried under high vacuum for 24 h and was pre-
served in a desiccator for further use.

2.5. Adsorption studies

Batch adsorption studies were conducted in
250mL conical flasks at different temperatures (15, 30,
45, 60, and 80˚C). Each adsorbent (0.05 g) was added
to 50.0mL of MB solution at initial concentrations of
50–450mgL-1. The suspension was agitated at
200 rm�1 by a rotary shaker (DH2�DA, China) for the
required adsorption time (10–120min) and different
pH values. The desired initial solution pH (3.0–9.0)
was obtained by adjusting with 0.1mol L�1 HCl or
0.1mol L�1 NaOH. Then, the mixture was magneti-
cally separated, and the supernatant fractions were
evaluated to determine the residual MB concentration
by spectrophotometry (WFJ-7200 Spectrophotometer,
China) at kmax of 640 nm. The adsorption capacity was
measured by the following relationship:

Qt ¼ ðCi � CtÞV=m ð1Þ

where Qt (mgg�1) is the amount of adsorption capac-
ity at time t; Ci and Ct are the initial and equilibrium
concentrations of MB (mgL�1), respectively; V is the
volume of the solution (L); and m is the mass of the
related biosorbent (g).

2.6. Regeneration studies

MCS (0.05 g) and GMCS (0.05 g) were added into
50.00mL of 300mgL�1 MB solution at room tempera-
ture. The MB-loaded adsorbent was magnetically sep-
arated and rinsed thrice with deionized water. Then,
the adsorbent that settled was eluted with absolute
ethanol. The mixture was harvested by magnetic sepa-
ration, and the supernatant was analyzed. The MCS/
GMCS regeneration and MB recovery efficiency were
calculated by the following relationships:
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Recovery efficiency ¼ Amount of dye desorbed

Amount of dye adsorbed

� 100 ð2Þ

Regeneration efficiency ¼ Regeneration adsorption capacity

Original adsorption capacity

� 100

ð3Þ

2.7. MCS and GMCS characterization

The surface structure and morphology of MCS and
GMCS were characterized using SEM (JEOL JSM-
5900LV, Japan) at a 20 kV acceleration voltage. Prior
to analysis, the samples were coated with a thin gold
layer.

The binding group types present on MCS and
GMCS were identified using FTIR (Shimadzu FTIR-
8400s, Japan) within the region 400–4,000 cm�1 via the
KBr pressed-disk method. The active sites present on
the surface of MCS and GMCS were determined by
potentiometric titration using an autotitrator (ZD-2,
China) with a combined glass electrode. Data analysis
was performed using the non-electrostatic model of
the software Protofit Version 2.0 [23–26]. This useful
software tool for the calculation of pKa values and
surface site densities of biological materials was used
to fit the acid–base titration data of the MCS and
GMCS.

3. Results and discussion

3.1. Effect of pH on adsorption

Fig. 1 shows the adsorption capacity of the two
adsorbents for MB at pH 3.0–9.0. With increasing pH,
the MB adsorption capacity of MCS and GMCS
increased, and the maximum uptakes of MB
(87.56mgg�1 for MCS and 172.14mgg�1 for GMCS)
were observed at pH 6.0. At low pH, several protons
are available to protonate the adsorbent surface. Thus,
the electrostatic repulsion between the positively
charged adsorption sites and the positively charged
MB ions results in poor adsorption capacity [27,28].
As the pH increases, the adsorbent surface becomes
more negatively charged, and the functional groups
(such as carboxyl, amino, and hydroxyl groups) are
more deprotonated. Thus, the electrostatic attraction
force of the positively charged MB ions with the
adsorbent surface likely increased. At pH>6.0, the
adsorption capacity nearly remained constant with
increasing pH. This effect can be attributed to the

reduced electrostatic attraction force between the
adsorbent and MB. Thus, the optimum pH for MB
adsorption of GMCS was found at pH 6.0, and GMCS
showed a higher adsorption capacity for MB com-
pared with MCS. Carboxyl groups exhibit a determin-
ing function on the adsorption process. Abundant
adsorption sites were produced in GMCS because of
the glutamic acid-rich MCS surface, which resulted in
its higher adsorption capacity for MB. Although vari-
ous functional groups, such as carboxyl, amine, and
hydroxyl, were present on the MCS surface, their
amount for adsorption was limited [29]. Thus, the
adsorption capacity of GMCS was greater than that of
MCS.

3.2. Effect of contact time and kinetics analysis

The effect of different contact times (10–120min)
on the adsorption process with constant initial dye
concentration of 300mgL�1, solution pH 6.0, and
room temperature was examined. Fig. 2 presents the
MB adsorption kinetics of MCS and GMCS. The con-
tact time curve shows that the dye was rapidly
adsorbed by the two adsorbents during the first
30min. As time passed, the adsorption capacity
increased, and the adsorption equilibrium time was
60min. MB molecules gradually penetrated into the
porous adsorbents and were slowly adsorbed by the
functional groups in the internal cell wall for further
physical adsorption. In addition, the amount of car-
boxyl groups increased due to the introduction of glu-
tamic acid. Thus, the MB adsorption capacity of
GMCS was higher than that of MCS. Finally, the
optimum contact time was selected as 60min for
further adsorption experiments.

To analyze the MB adsorption kinetics of
MCS and GMCS, the pseudo-first-order and

Fig. 1. Effect of pH on MB biosorption.
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pseudo-second-order kinetic models were tested using
the experimental data. The pseudo-first-order kinetic
model and the pseudo-second-order kinetic model are
given in the following forms [30,31]:

Pseudo-first-order equation: lnðqe � qtÞ ¼ �k1t

þ ln qe ð4Þ

Pseudo-second-order equation:
t

qt
¼ 1

k2qe2
þ t

qe
ð5Þ

where qe and qt (mgg�1) are the adsorption capacity
values at equilibrium and time t, respectively; k1 is the
rate constant of the pseudo-first-order equation
(min�1); k1 is the slope of the linear plot of ln (qe�qt)
versus t; and k2 is the rate constant of the pseudo-sec-
ond-order equation (gmg�1min�1). The slopes of the
linear plot of t/qt versus t represent k2.

As shown in Table 1, the correlation coefficient
values (R2) of the pseudo-second-order kinetics are
greater than that of the pseudo-first-order kinetics.
The calculated values of adsorption capacity (qe,cal) for
pseudo-second-order kinetics were more approximate
to the experimental values (qe,exp), indicating the better
applicability of the pseudo-second-order kinetics
model. The results suggest that the adsorption process

involved chemisorption and physisorption. Chemi-
sorption is the rate-determining step, where valence
forces are involved because of electron sharing or
exchange between the functional groups on the adsor-
bents and the MB ions [32]. The linear plots of t/qt
versus t are shown in Fig. 3.

3.3. Effect of initial MB concentration and adsorption
isotherms

The MB adsorption isotherms of MCS and GMCS
at room temperature and pH 6.0 are shown in Fig. 4.
The results show that the MB adsorption capacity of
MCS and GMCS increased rapidly with increasing ini-
tial MB concentration. This result is attributed to the
increased collision efficiency between the dye mole-
cules and the adsorbents with the increase in initial
MB concentration in solution. However, MB adsorp-
tion capacity remained almost constant at higher ini-
tial MB concentrations. This result is due to the lack
of sufficient binding sites to accommodate more MB
ions at higher concentration levels [33].

The experimental data were modeled with Lang-
muir and Freundlich isotherms. The Langmuir
adsorption isotherm explains the adsorption of basic
dyes from aqueous solutions, whereas the Freundlich
isotherm is appropriate to describe multilayer adsorp-
tion with interactions between adsorbed molecules.
The linear forms of the Langmuir and Freundlich
models are expressed as follows:

Langmuir model:
Ce

qe
¼ Ce

qm
þ 1

bqm
ð6Þ

Freundlich model: ln qe ¼ 1

n
lnCe þ lnKF ð7Þ

where qe and qm are the equilibrium and maximum
adsorption capacities (mgg�1), respectively; Ce is the
equilibrium MB concentration in solution (mgL�1); b
(Lmg�1) is the Langmuir adsorption equilibrium con-
stant; KF (Lmg�1) is the Freundlich adsorption con-
stant; and 1/n is the heterogeneity factor.

Table 1
Comparison of the pseudo-first-order and the pseudo-second-order adsorption rate constants and the calculated and
experimental qe values

Biosorbents qe exp (mg g-1) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 (min�1) R2 qe cal (mgg�1) k2 (gmg�1min-1) R2 qe cal (mgg�1)

MCS 85.97 0.0322 0.7706 13.36 0.008163 0.9994 86.96

GMCS 172.46 0.0677 0.8892 37.20 0.003612 0.9998 175.44

Fig. 2. Effect of contact time on MB biosorption.
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As shown in Table 2, the experimental data
showed a better fit with the Langmuir isotherm for
MB adsorption based on the correlation coefficients
(R2). This result revealed that the process was based
on monolayer adsorption that mostly occurred on the
surface-active areas of MCS and GMCS. The Lang-
muir isotherm linear plots for MB adsorption are
shown in Fig. 5.

To determine whether the adsorption was “favor-
able’’ or ‘‘unfavorable,’’ a dimensionless constant sep-
aration factor or equilibrium parameter, RL, was
calculated using the following equation:

RL ¼ 1

1þ bCm
ð8Þ

where Cm is the highest initial MB concentration
(mgL�1), and RL indicates the type of isotherm as irre-
versible (RL= 0), favorable (0 <RL< 1), linear (RL= 1),
or unfavorable (RL> 1) [34].

The values of RL were found to be 0.4189 for MCS
and 0.1851 for GMCS, indicating that the MB adsorption
of MCS and GMCS was favorable. The MB adsorption
of GMCS was more favorable compared with that of
MCS.

3.4. Effect of temperature

The effect of temperature on the equilibrium
adsorption capacity of MCS and GMCS for MB
(300mgL�1, pH 6.0) was investigated in the tempera-
ture range 15–80˚C. As shown in Fig. 6, the adsorption
capacity increased simultaneously with the increase in
reaction temperature from 15–60˚C. The maximum

Fig. 3. Pseudo-second-order kinetic isotherms of MCS and
GMCS.

Fig. 4. Effect of initial MB concentration.

Table 2
Langmuir and Freundlich isotherm constants and correlation coefficients for adsorption

Biosorbents Langmuir constant Freundlich constant

qm (mgg�1) b (Lmg�1) R2 RL 1/n kF R2

MCS 108.7 0.0127 0.9953 0.4189 0.39 9.328 0.8903

GMCS 222.2 0.009785 0.9976 0.1851 0.4356 14.63 0.9425

Fig. 5. Langmuir isotherms for MB biosorption of MCS
and GMCS.
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MB adsorption capacity observed at 60˚C was
96.98mgg�1 for MCS and 196.46mgg�1 for GMCS.
These results are attributed to the increased mobility
of MB ions with increasing temperature [35,36]. With
increasing reaction temperature, the amount of non-
protonated functional groups on the two adsorbents
increases due to the increase in the dissociation con-
stant of the protonated carboxyl groups. Furthermore,
increasing temperature can cause a swelling effect
within the internal structure of the two adsorbents.
This effect enabled the MB ions to penetrate further,
resulting in enhanced adsorption capacity. Neverthe-
less, the adsorption capacity decreased significantly
when the temperature exceeded 60˚C. This result is
due to the major force (i.e. electrostatic interactions)
involved in dye ion binding, which might be weak-
ened because of increasing temperature from the exo-
thermic electrostatic interactions [37]. As the
hydrolysis degree of the ester bond increases with
increasing reaction temperature, several carboxyl
groups could separate from the adsorbent surface via
hydrolysis [38]. Thus, the adsorption capacity of MB
decreased rapidly at temperatures above 60˚C.

3.5. Regeneration studies

MB adsorption/desorption cycles were repeated
four times using absolute ethanol. The results
obtained are given in Table 3. The regeneration and
recovery efficiency of GMCS were maintained
between 90 and 70%. The decrease in regeneration
efficiency with increasing adsorption/desorption
cycles was due to irreversible adsorption and MB loss
in the process of reuse. Table 3 shows that GMCS is a
stable recyclable adsorbent.

4. Characterization

4.1. SEM analysis

The surface structures of nano-Fe3O4, CS, and
GMCS were analyzed by SEM, and the results are
given in Fig. 7. Fig. 7(a) shows that the nano-Fe3O4

particles were uniform, scattered, and fine. The aver-
age particle diameter was approximately 200 nm.
Fig. 7(b) shows the tubular structure of CS, and its
surface appeared to be loose and smooth. Fig. 7(c)
illustrates the rather rough, shriveled, and irregular
GMCS surface. This structure is attributed to the
nano-Fe3O4 that adhered on baker’s yeast surface and
to the glutaraldehyde treatment, which cross-linked
some biomass surfaces. The large number of granular
materials found on the surfaces of GMCS was due to
nano-Fe3O4 that adhered on the CS surface. During
the preparation of GMCS, vacuum freeze-drying
resulted in a highly porous biomass form with a very
large surface area. Thus, the permeability of GMCS
was improved via sublimation and dehydration,
which is beneficial for adsorption and recovery.

4.2. Determination of active sites

Functional groups on the MCS and GMCS surface
were determined by potentiometric titration. By com-
bining the microorganism cell wall structure and the

Fig. 6. Effect of temperature.

Table 3
Results of biosorption and desorption

Adsorbents

MCS GMCS

A/D cycle Uptake (mgg�1) MB recovery efficiency (%) Uptake (mgg�1) MB recovery efficiency (%)

1 77.63 89.99 154.17 90.37

2 75.334 87.34 149.98 87.93

3 67.53 78.28 135.04 79.16

4 58.65 67.98 117.4 68.82
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IR results of MCS and GMCS, the functional groups
mainly present on the surface of MCS and GMCS were
found to be carboxyl, amino, hydroxyl, and phos-
phoryl groups. The acidity constant values (pKa) and
site concentrations for each type of surface functional
group were calculated by Protofit Version 2.0, and the
results are shown in Table 4. The total concentration of
carboxyl and phosphoryl groups on GMCS is signifi-
cantly higher than that on MCS, and the amino group
density on GMCS is almost the same as MCS. Thus,
the glutaraldehyde modification increased the amount
of carboxyl groups on GMCS. With the repeated vac-
uum freeze-drying during the preparation of GMCS,
the outer structure layer of the cell wall was destroyed
and the inner protein layer (carboxyl and phosphoryl
groups) was more exposed. Thus, more exposed intra-
cellular phosphoryl and carboxyl groups were
detected on the surface of GMCS. By contrast, as
shown in Table 4, the amount of hydroxyl on GMCS is
significantly lower than that on MCS.

4.3. IR analysis

The IR spectra for CS, MCS, and GMCS are shown
in Fig. 8. As shown in Fig. 8, the spectrum for pristine
CS was simple. Absorbance peaks were observed at
3,336, 2,900, 1,558, and 1,057 cm�1 (Fig. 8(c). The broad
strong peak at 3,336 cm-1 corresponds with the over-
lapping of –NH/–OH stretching vibration absorbance.

The peak at 2,900 cm�1 is attributed to the –CH
stretching vibration. The peak at 1,558 cm�1 indicates
C–N from the bending band of N–H from the amide
II band functional group. The peaks at 1057.0 cm�1 are
attributed to the glycitols (C–OH) and the stretching
band of P–O–C.

After modification with nano-Fe3O4 and glutamic
acid, several changes in IR spectra were found, as
shown in Fig. 8(a) and (b). First, for GMCS, not only
did the decrease in the absorption peak strength of

Fig. 7. SEM micrographs of nano-Fe3O4 (a), CS (b), and GMCS (c).

Table 4
Concentration and acidity constants of the surface functional groups on MCS and GMCS

Functional
group

pKa value
reported

MCS GMCS

pKa value
obtained

Site density (mmol g�1) pKa value
obtained

Site density (mmol g�1)

Carboxyl 2.0–6.0 2.23 0.95 ± 0.04 5.82 1.74 ± 0.01

Phosphoryl 0.2–2.9 7.03 1.06 ± 0.07 5.21 0.81 ± 0.04

5.6–7.2

Amine 9.0–11.0 10.51 0.52 ± 0.02 9.06 0.58 ± 0.03

Hydroxyl 8.0–12.0 11.32 1.83 ± 0.08 11.82 0.81 ± 0.05

Fig. 8. IR spectra for MCS(a), GMCS (b) and CS (c).
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–NH/–OH stretching vibration occur, but the broad
overlapping peak also shifted from 3,344–3,267 cm�1.
Second, at around 2343 cm�1, the C=O absorbance
peak intensity was enhanced. This result means that a
large number of carboxyl groups were introduced to
the MCS surface via the glutamic acid modification.
The –OH band of GMCS also shifted to the lower
wave numbers compared with MCS. Furthermore, the
significant adsorption peaks around 584 cm�1 indi-
cates the characteristic stretching band of Fe–O, con-
firming that both MCS and GMCS were loaded with
nano-Fe3O4.

5. Conclusions

GMCS was obtained and characterized in this
study. The synthesized GMCS had good adsorption
capacity for MB and possessed super-paramagnetic
nano-Fe3O4 characteristics for isolation and recovery.
The adsorption capability of GMCS for MB was supe-
rior to that of MCS. The maximum adsorption capac-
ity (196.46mgg�1 for MB) was attained at pH 6.0 with
an initial MB concentration of 300mgL�1 at 60˚C for a
contact time of 60min. The kinetics and equilibrium
of the process were explained adequately by the
pseudo-second-order kinetic model and the Langmuir
isotherm, respectively. The results of potentiometric
titration and the FTIR data indicate that the glutamic
acid modification remarkably increased the quantity
of carboxyl groups on GMCS. Regeneration studies
confirmed that GMCS can be efficiently recycled for
MB removal.
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