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ABSTRACT

This study developed an effective, low-cost and renewable bioadsorbent to remove dyes from waste-
water. Wheat straw, an agricultural by-product with abundant resource, was modified with rosin
derivative (maleated rosin) and applied as a biosorbent to improve adsorption capacity and selec-
tivity for cationic dyes [(e.g., methylene blue (MB)]. The effects of pH, contact time, temperature and
regeneration on adsorption were investigated and discussed. The MB adsorption capacity of the
rosin derivative modified wheat straw was 113.34 mg/g, and low temperature and alkaline environ-
ment was in favor of the MB adsorption onto the bioadsorbent. The kinetic data was fitted well by
pseudo-second-order kinetic model, and equilibrium adsorption isotherm data was fitted well by
Freundlich and Temkin isotherm models. In addition, the bioadsorbent could be regenerated in acid
condition and reused for several cycles. All the results indicate that the rosin derivative modified
wheat straw is a promising bioadsorbent for wastewater treatment.
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1. Introduction

Massive amounts of synthetic organic dyes are annu-
ally consumed by various sectors including textile, paper-
making, plastic, leather and cosmetic industries, especially
in developing countries. The wastewater results in vast
serious harmful effects on environmental issues and even
threat to the human health due to their carcinogenic and
toxic characteristics if these dyes directly pour into rivers
and lakes without treatment [1]. Many techniques have
been employed to eliminate dyes from wastewater which
involve adsorption [2], flocculation [3], oxidation [4], and
electrolysis [5]. Among them, adsorption is considered to be
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superior by virtue of the simple process, high efficiency and
good removal of various dyes [6-8]. Although many adsor-
bents have been developed for removing dyes from aque-
ous solution, such as activated carbon, natural clays and
synthetic resins, the high-cost in production and regenera-
tion of adsorbents will limit their application in large scale
[9,10]. Therefore, many researchers have made great efforts
in developing new adsorbents which have high cost-effi-
ciency and adsorption capacity to reduce the overall cost of
the wastewater disposal.

Developing agricultural by-products or wastes for
effective, low-cost, biodegradable and renewable bioadsor-
bents have attracted more and more research attention [11—
13]. To date, a variety of low-cost agricultural by-products
including corn straw, peanut hull, rice husk and so on have
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been prepared as the bioadsorbents for dyes adsorption
by convenient methods [14-16]. Wheat is widely grown in
many regions and countries, which means a vast amount
of wheat straw is produced annually. However, the natural
wheat straw (NWS) without modification is not effective
to remove ionic dyes due to the lack of functional groups
[17]. Therefore, it is possible improve ionic dyes adsorption
capacity effectively by the introduction of functional groups
onto the surface of NWS.

As an abundant renewable resource, rosin is a kind of
solid resin and consists of various resin acids, especially abi-
etic acid, which is obtained from pine trees and some other-
conifers. Rosin and its derivatives also exhibit wide-ranging
applications in food, chemical and pharmaceuticals [18,19].
Compared with traditional modifiers such as glycidol and
synthetic surfactants, rosin is a non-toxic natural material
and low-cost which attracts our attention to use it to modify
NWS to improve ionic dyes adsorption capacity. The objec-
tives of this work include: (1) modification of NWS by rosin
derivative and using it as a bioadsorbent for removing cat-
ionic dyes from aqueous solution; (2) studying the effects
of pH, temperature, contact time, initial dye concentration
and regeneration on adsorption; (3) analysis of the adsorp-
tion mechanism of MB adsorption onto MRS according to
adsorption kinetics and isotherms; (4) investigation of mech-
anism of the MRS for selective removing of cationic dyes.

2. Materials and methods
2.1. Materials

Methylene blue (MB), acid fuchsin (AF), maleic anhy-
dride and glacial acetic acid were bought from Aladdin
Chemistry Co. Ltd. (Shanghai, China). Rosin was obtained
from Xingsonglinhua Chemical Co., Ltd. (Guilin, China).
The natural wheat straw (NWS, 106~300 pm) in this work
was collected from Gansu province, China. Hydrochloric
acid (HCl) and sodium hydroxide (NaOH) were purchased
from Xilong Chemical Co., Ltd. (Guangdong, China).
Deionized water was used as solvent in the experiments.
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Fig. 1. Synthesis of MRS (cellulose as example).

2.2. Preparation of the bioadsorbent
2.2.1. Synthesis of maleated rosin

Maleated rosin was prepared from rosin and maleic
anhydride according to the previous report. The synthetic
process was basically performed as follows: 50 g Rosin
was firstly melted at 140°C. Then 12 g malic anhydrid was
added and the mixture was heated to 170°C under mechan-
ical stirring for 2 h. Subsequently, 100 mL glacial acetic acid
was added into the reaction mixture after cooling to room
temperature. The reaction temperature was raised again to
obtain the homogeneous solution under stirring, and then
cooled to obtain white powder. The resulting powder was
dried at 60°C after filtering and washing for several times
with deionized water and ethanol.

2.2.2. Preparation of modified wheat straw (MRS)

The wheat straw was modified with the maleated rosin
as a bioadsorbent and the preparation process is shown in
Fig. 1. Briefly, 17.5g dry NWS and 24.5 g maleated rosin
were added into 175 mL xylene. The mixture was heated
to 130°C for 5 h under mechanical stirring. The resulting
precipitate was filtered and washed with ethanol for several
times. The final product was dried at 60°C in an oven.

2.3. Adsorption studies

A stock dye solution was prepared in advance by dis-
solving 1 g MB in 1 L distilled water. MB solutions with dif-
ferent initial concentrations (80-180 mg/L) were obtained
from the dilution of the stock solution in accurate ratio. The
pH of MB solution was adjusted by 0.1 mol/L HCI or 0.1
mol/L NaOH solution from 5 to 10. For adsorption exper-
iment, 0.05 g bioadsorbent (MRS) and 50 mL MB solution
was mixed under magnetic stirring. When reaching the
adsorption equilibrium, the bioadsorbent was separated
by MCE syringe filter (pore size: 0.22 um). Then the super-
natant solution was taken out and the final concentra-
tion of MB was measured by a UV-vis spectrophotometer
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(A, = 664 nm). The kinetics experiment required different
contact times (10-1440 min) at invariant temperature and
pH. For the isothermal equilibrium study, the batch adsorp-
tion experiments were conducted in a water-bath at differ-
ent initial concentrations (80-180 mg/L) at 25°C.

The adsorption capacity was obtained by the following
equation:

(C,-C.)V

= )
where q,(mg/g) is the adsorption capacity at equilibrium; c;
is the initial concentration of MB solution; c,is the equilib-
rium concentration of MB solution; V (L) is the volume of
MB solution; m (g) is the mass of bioadsorbent.

2.4. Characterization

The Fourier transform infrared spectroscopy (FTIR)
measurements (Thermo Nexus 470 FTIR spectrometer) were
carried out with the KBr pellet method. Thermogravimetric
results were obtained with a thermogravimetric analyzer
(TA Instrument Q500) at a heating rate of 10°C/min from
25 to 700°C under nitrogen atmosphere. UV-vis absorp-
tion spectra were recorded on a UV-vis spectrophotometer
(752N, INESA Analytical Instrument Co., Ltd.). The pH val-
ues of solutions were measured with a pH meter (PHS-25,
Shanghai Precision & Scientific Instrument Co., Ltd).

3. Results and discussion
3.1. Characterization of the bioadsorbents

FTIR spectra shown in Fig. 2 was used to confirm the
functional groups of NWS and MRS. The characteristic
peaks around 3420, 2923 and 1100 cm™ appeared in both
NWS and MRS, which were attributed to the stretching
vibrations of hydroxyl groups, C-H in methylene groups
and C-OH groups, respectively [20]. The results recorded
with the existence of abundant polysaccharide substance
such as cellulose and lignin in NWS [21]. Compared with

MRS

NWS
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Fig. 2. FTIR spectra of MRS and NWS.

NWS, the stretching vibration adsorption peaks of MRS
at 2920 cm™ (-CH,) and 1635 cm™ (C=0) were enhanced,
which indicated that MRS had more ester groups than
NWS. The results confirmed that maleated rosin was suc-
cessfully introduced into wheat straw after modification.

Thermogravimetric analysis (TGA) of MRS and NWS
were conducted to comprehend the weight loss of the both
bioadsorbents. Fig. 3 shows that MRS and NWS were pyro-
lysed below 550°C and 25% of residues were remained.
A small mass loss of 9% below 100°C was seen due to the
loss of moisture. DTG curves demonstrated the maximum
decomposition temperature of MRS and NWS was at 320°C
because most substances such as the cellulose were decom-
posed [22,23]. The extra small peak of MRS appeared at
210°C while NWS did not have. The reason might be the
decomposition of maleated rosin in MRS. The results also
proved the successful modification of wheat straw with
maleated rosin.

3.2. Effect of pH on adsorption

The pH of dye solution is a key factor in the adsorp-
tion process, particularly important for the adsorption
capacity. It influences not only the surface charge and
dissociation of functional groups on the active sites of
the adsorbent, but also the solution dye chemistry. Fig. 4
shows the MB adsorption capacities of MRS and NWS at
pH from 5 to 10. The minimum MB adsorption capacities
were at pH 5-6 because of the protonation and electro-
static repulsion between the bioadsorbents and MB. When
the pH increased from 6 to 9, deprotonating and electro-
static attraction between bioadsorbents and MB occurred,
leading to higher MB adsorption capacities. MRS exhib-
ited more superior dye adsorption capacity than NWS
owing to the successful modification. Specifically, more
functional groups (-COOH) were introduced onto the
surface of wheat straw by modification with maleated
rosin, and they were deprotonated and became —COO" in
alkaline environment which was conducive to enhancing
the interaction between MRS and MB. It’s worth mention-
ing that our MRS also showed better performance in dye
adsorption capacity than some reported modified natural
materials [24-30] as well as lower cost than active carbon
[31], indicating our MRS is a promising bioadsorbent for
cationic dyes adsorption.

3.3. Effect of contact time on adsorption and kinetic analysis

Fig. 5 shows the effect of contact time on MB adsorption
capacity of MRS at different MB initial concentrations at
25°C. The adsorption process was divided into three stages:
(1) a rapid initial stage where adsorption rate was fast; (2) a
slow second stage where adsorption rate became lower; (3)
the slowest equilibrium adsorption stage. The equilibrium
time and adsorption capacity increased as the MB initial
concentration increased. The equilibrium time of MB onto
MRS was about 600, 1200 and 1440 min, and the adsorption
quantities were up to 87.86, 102.39 and 113.34 mg/g when
the MB initial concentration was 100, 120 and 140 mg/g,
respectively.

In order to explain kinetic mechanisms of the adsorption
process, several kinetic models were applied to analyze the
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Fig. 3. The TGA (black) and DTG (blue) curves of MRS (a) and NWS(b).

90

85-
Gl
> p> L
I )
&

70-

65 —=— MRS

1 —e—NWS
60 T T T T —
5 6 7 8 9 10

pH

Fig. 4. The effect of pH on the MB adsorption capacities of MRS
and NWS (c,= 100 mg/L, t = 1440min, T = 25°C).

120

__ 10

=g L

£ 100

> I

S 90

1]

8 I

8 80

c L

]

B 70

§ - —a— 140 mg/L

- —e—120 mg/L
r —=— 100 mg/L

50 1 " 1 N L L N L N
0 400 800 1200 1600 2000
t (min)

Fig. 5. The effect of contact time on MB adsorption capacity of
MRS.

experimental data. The pseudo-first-order model and pseu-
do-second-order kinetic model are expressed as follows:

Pseudo-first-order kinetic model: ln(qe - q,) =Ing, -kt (2)

Pseudo-second-order kinetic model: %l = %1 +1/k,q.” (3)

where g, (mg/g) is the adsorption capacity at time t; k, (1/
min) and k, (g/mgxmin) is the pseudo-first-order kinetic
rate constant and pseudo-second-order kinetic model rate
constant, respectively.

Table 1 shows the relevant parameters of each kinetic
model. As we know, the regression correlation coefficient
(R?) is significant for the linear analysis, of which the R?is
approximate to 1, the degree of coincidence would be bet-
ter. The pseudo-first-order model was not so suited the
adsorption process from Fig. 6a and Table 1. As shown in
Fig. 6b and Table 1, all the values of R* were higher than
0.99 and the calculated values of adsorption capacity (g, )
for pseudo-second-order kinetic model were closer to the
experimental values of adsorption capacity (q,,,), which
indicated MB adsorption onto MRS obeyed pseudo-sec-
ond-order kinetic model well. The adsorption process was
the rate-determining step including electron sharing or
exchange between MRS and MB ions [32].

The dyes transferred from solution to the surface of
adsorbent particles via a few steps, involving external sur-
face diffusion and intraparticle diffusion. To further investi-
gate the adsorption mechanism, the kinetic data was fitted
by intraparticle diffusion model according to the following
equation:

Intraparticle diffusion model: g, = kpt% +C 4)

where k (mg/g-min'/?) is the intraparticle diffusion rate
constant; C is the intercept of this model.

Plots of intraparticle diffusion model for MB adsorp-
tion onto MRS at different MB concentrations are shown
in Fig. 7 and the parameters are given in Table 2. The
multi-linear plots proved that other adsorption steps in
the whole adsorption process existed. The linear curves
of MRS didn’t pass through the origin. The values of C
were nonzero, meaning the diffusion process wasn’t the
only rate-limiting step. In other word, larger value of C
means surface adsorption has greater effect on adsorp-
tion process [33]. Therefore, the adsorption process may
be divided into three steps, including surface adsorp-
tion, intraparticle diffusion and equilibrium stage [34].
Among these steps, the first step was surface adsorption
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Fig. 6. Plots of pseudo-first-order (a) and pseudo-second-order (b) for MB adsorption onto MRS at different MB concentrations.

Table 1
Parameters of kinetic models for MB absorption onto MRS

MB (mg/L) Doy (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic mode
k (A/min) 4., (mg/g) R k, (g/mg min) 9o (MB/8) R?
100 87.86 0.006 22.85 0.9676 0.0009 88.65 0.9999
120 102.39 0.003 2747 0.9443 0.0005 102.99 0.9996
140 113.34 0.002 31.05 0.9142 0.0004 113.25 0.9992
120 models were applied to analyze the adsorption equilib-
] rium data. Generally, Langmuir isotherm model is used to
110 describe the monolayer adsorption process on the homo-
] geneous surface without interaction. Freundlich isotherm
100 - model is a semi-empirical equation, which describes the
] heterogeneous surface adsorption. Temkin isotherm model
— 90 describes that the adsorption heat linearly falls down with
2 ] the increasing adsorption capacity [35]. The three models
E 804 are presented as follows:
u’-" 1
70 - L P . _ quLCe
angmuir isotherm model: g, = 1+KC 5)
1 A 140 mg/L +hL,
60+ * 120 mgiL 1
50 ] = 100 mg/L Freundlich isotherm model: g, = K,.C /’ (6)
— Tt T Tt T ' T T T T T T T T 1
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" 2 Temkin isotherm model: g, = A+ BInC, (7)
t {min™)

Fig. 7. Plots of intraparticle diffusion model for MB adsorption
onto MRS at different MB concentrations.

which was controlled by external mass transfer because
of the electrostatic attraction. The second step was grad-
ually controlled by the intraparticle diffusion and the last
stage was equilibrium portion.

3.4. Adsorption isotherms

Fig. 8 shows the equilibrium isotherms of MB adsorp-
tion onto MRS at 25°C. Obviously, the value of g, became
higher as the ¢, increased. Three adsorption isotherm

where g (mg/g) is the maximum adsorption capacity; C,
is the equilibrium concentration of dye; K, (L/mg) and K,
(mg/g) is the Langmuir adsorption constant and Freun-
dlich adsorption constant, respectively; 1/n is a constant
related to the adsorption intensity; A and B are the Temkin
constants.

Relevant parameters of the three isotherm models are
listed in Table 3. The values of R?for Freundlich and Tem-
kin isotherm models were higher than that of Langmuir
isotherm model, indicating Freundlich and Temkin iso-
therm models fitted the adsorption equilibrium data better.
Therefore, the adsorption process of MB adsorption onto
MRS was complex and included several mechanisms. In
addition, the value of 1/n was 0.28, meaning that the MB
adsorption onto MRS was favorable.
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Table 2
Parameters of intraparticle diffusion model for MB absorption onto MRS
MB Intraparticle diffusion model
e/l k, (mg/gmin'’) C/(mg/g) R k,(mg/gmin'’) C,(mg/g) Kk, (mg/gmin'’) C,(mg/p) R
100 4187 41.69 09539 0.551 73.54 0.8349 0.017 87.28 1
120 4.892 44.30 09753 0.608 83.08 09674  0.258 92.78 1
140 5.301 4728 09257 0.812 86.30 09391  0.510 93.85 1
140 of -COOH groups were presented on the surface of MRS,
n meaning that MRS would have stronger interaction with
_‘,;-:";,' cationic dyes t than anionic dyes. Therefore, it is possible
120 . /i“" - to use MRS as a selective bioadsorbent for cationic dyes
i P from the mixture of dyes. In order to identify this opin-
5 /;:?.:' ion, the mixture of MB (cationic dye) and AF (anionic
g’ o dye) was used as the experimental sample to evaluate
=, 100 | . i the selective adsorption performance of MRS. As shown
o i in Fig. 9, the color of the MB/AF mixture was purple,
& . Experimental and two main peaks appeared at 546 nm (AF) and 664 nm
g0l jf — — Langmuir model fitted curve (MB) in the UV-vis spectrum. After adsorption by MRS,
S5 e Freundlich model fitted curve the solution was red and only one peak appeared at 546
T — - — Temkin model fitted curve nm in the UV-vis spectrum, indicating MRS exhibited
0 1'0 2'0 3'0 4'0 5'0 high selective adsorption for cationic dyes.

c, (mg/L)

Fig. 8. Adsorption isotherms of MB adsorption onto MRS.

3.5. Thermodynamic parameters

Thermodynamic parameters of the Gibb’s free energy
change (AG"), enthalpy change (AH), entropy change (AS°)
and distribution coefficient (K) for MB adsorption onto
MRS were determined as follows [36]:

Cﬂ e
K. =""% ®)

e

AG® = —RTInK, ©)

AG® = AH® - TAS° (10)
where C ,, (mg/L) is the MB concentration on the adsorbent
at equilibrium; R (8.314 J/molK) is the universal gas con-
stant; T (K) is the experimental temperature.

These determined thermodynamic parameters are
shown in Table 4. The negative values of AG at three tem-
peratures indicated that the adsorption process was feasi-
ble and spontaneous. The values of AG"increased with the
increasing temperature, which demonstrated that lower
temperature was in favor of the MB adsorption onto MRS.
The negative value of AHrepresented the exothermic nature
of adsorption process. The negative value of AS explained a
decrease in randomness at the solid /solution interface.

3.6. Selective adsorption

It is significant to separate specific dye from a mixed
solution in practical applications. In this work, a number

3.7. Regeneration study

To reduce the cost of in practical applications, the
adsorbent should be easily regenerated and the adsor-
bate should be efficiently recovered. Thus desorption
capability is also important to evaluate the performance
of MRS. According to the previous reports, the cationic
dye solution can be desorbed well in an acid condition,
which indicates that the adsorption process is controlled
by ion exchange chiefly [30]. In this work, 0.1 mol/L HCI
solution was used to regenerate the MRS for five cycles,
and the results are given in Fig. 10. For the first three
cycles, MRS showed great regeneration property and
the removal efficiency was higher than 90%. For the fifth
cycle, the removal efficiency decreased to ~70% because
the chemisorption of dye molecules may result in some
loss of adsorption capacities and the complete regenera-
tion of dye-loaded MRS is impossible.

4. Conclusion

The maleated rosin modified wheat straw (MRS) was
prepared and characterized in this work. This bioadsorbent
exhibited excellent adsorption capacity and selectivity for
cationic dye from aqueous solution owing to the increased
functional groups on the surface of MRS. Moreover, the
MRS also showed good regeneration property and removal
efficiency. The adsorption process may include three steps:
surface adsorption, intra particle diffusion and equilibrium
stage. The process of MB adsorption onto MRS was sponta-
neous and performed better at low temperature and alka-
line environment. The results demonstrate that the MRS is
low-cost, efficient and environmental-friendly which can be
used as a promising bioadsorbent for cationic dyes adsorp-
tion from wastewater.
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Table 3

Parameters of adsorption isotherms for MB absorption onto MRS

Langmuir isotherm model

Freundlich isotherm model

Temkin isotherm model

q, (mg/g) K (L/mg) R? K, (mg/g) 1/n R? A B R?
146.40 0.1481 0.9607 45.25 0.28 0.9956 21.38 28.47 0.9933
b Before adsorption
(a) ( ) —— After adsorption
MB MB/AF AF

Absorbance (a.u.)

500 550 600 650 700 750 800
Wavelength (nm)

Fig. 9. Digital images of MB, MB/AF mixture and AF (a); UV-vis spectra of the MB/AF mixture before and after adsorption by

MRS (b).

Table 4
Thermodynamic parameters of MB absorption onto MRS

T (K) 298 308 318
AG® (kJ/mol) ~447 -4.02 -3.57
AHC (K] /mol) 1791
AS® (KJ/mol-K) ~0.045

100

Removal efficiency (%)

1 2 3 4 5
Cycles

Fig. 10. Regeneration property of MRS.
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