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Abstract

In this article, rice straw was chemically modified by means of phosphorylation, and then the phosphoric acid modified rice straw was further
loaded with sodium ion in order to yield potentially biodegradable cationic sorbent. The feasibility of the modified product as cationic dye sor-
bent for removing basic dyes from aqueous solution was investigated. Two basic dyes, basic blue 9 (BB9) and basic red 5 (BR5), were used as
sorbates. The effects of various experimental parameters (e.g. initial pH, sorbent dosage, dye concentration, ion strength, contact time) were
examined and optimal experimental conditions were decided. The BB9 and BR5 removal ratios came up to the maximum value beyond pH
4. The 1.5 g/l or more sorbent could almost completely remove BB9 and BR5 from 250 mg/l of dye solution. The ratios of BB9 and BR5 sorbed
were kept above 96% over a range from 50 to 350 mg/l of dye concentration when 2.0 g/l of sorbent was used. Increase in ion strength of
solution induced decline of BB9 and BR5 sorption. The isothermal data fitted the Langmuir model. The sorption processes followed the
pseudo-first-order rate kinetics. The results in this research confirmed that the phosphoric acid modified rice straw was an excellent basic
dye sorbent.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The fact that synthetic dyes are largely used in many indus-
tries presents certain hazards and environmental problems.
Today there are more than 10,000 dyes with different chemical
structures available commercially [1]. Color in waterbody is
not only aesthetically unpleasant but also interferes light pen-
etration and reduces photosynthetic action. Many dyes or their
metabolites have toxic as well as carcinogenic, mutagenic and
teratogenic effects on aquatic life and humans [2,3].

Some biological and physical/chemical methods have been
employed for dye wastewater treatment. These methods in-
clude anaerobic/aerobic treatment [4,5], coagulation/
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flocculation [6], oxidation/ozonation [7,8], membrane separa-
tion [9] and sorption [10]. Activated carbon as a sorbent has
been used for decades to remove contaminants from industrial
wastewater. Although regenerative, high operating costs and
problems with regeneration hamper large-scale application
of activated carbon.

Agricultural by-products are considered to be low value
products. Because of low utilization ratio, most of these bio-
materials are arbitrarily discarded or set on fire. These dis-
posals must result in resource loss and environmental
pollution. The exploitation and utilization of these biomate-
rials must bring obvious economic and social benefits to man-
kind. In recent years, attention has been focused on the
utilization of native agricultural by-products as sorbent [11e
18]. Generally, the sorption capacity of native agricultural
by-products is low. In order to improve the sorption capacity
of these biomaterials, the agricultural by-products were chem-
ically modified with different reagents and methods [19e22].
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Rice straw is a lignocellulosic agricultural by-product con-
taining cellulose (37.4%), hemi-cellulose (44.9%), lignin
(4.9%) and silicon ash (13.1%) [23]. In China, about 200 bil-
lion kilograms of rice straw are produced annually as a by-
product of rice production. The disposal of rice straw by
open-field burning frequently causes serious air pollution,
hence new economical technologies for rice straw disposal
and utilization must be developed. In this paper, rice straw
was chemically modified by means of phosphorylation, and
then the phosphoric acid modified rice straw was further
loaded with sodium ion in order to yield potentially biodegrad-
able cationic sorbent. The feasibility of the modified product
as cationic dye sorbent for removing basic dyes from aqueous
solution was investigated. The objectives of this work were:
(1) to convert rice straw to a new cationic sorbent with high
sorption capacity, and (2) to examine potential application of
this new sorbent in basic dye wastewater treatment.

2. Materials and methods

2.1. Preparation of modified sorbent

Rice straw was collected from a local farm. The collected
biomaterial was cut into segment of 10 cm length and washed
with tap water to remove soil and dust, and then dried over-
night at 50 �C. Dried rice straw segment was ground and
sieved to retain the 20e40 mesh fraction for further chemical
modification.

The chemical modification of rice straw was made accord-
ing to a similar method previously described by the literature
[24]. Ground rice straw (5.43 g) was soaked in 200 ml of di-
methyl formamide (DMF) overnight and the dirty DMF was
removed by vacuum filtration. The residua, again immersed
in 200 ml of fresh DMF was placed in a flask along with
5.04 g of urea, and the mixture was stirred using a magnetic
stirrer and 3.10 g of phosphoric acid (PA) were added drop-
wise while stirring. After 1 h stirring, the temperature of the
reaction mixture was raised to 150 �C and further stirred for
2 h. After cooling to room temperature and filtration, the reac-
tant was washed with 70% ethanol and then with water to neu-
tral pH. After that, the wet PA-modified rice straw was
suspended in 0.1 M NaOH at suitable ratio and stirred for
60 min, followed by washing thoroughly with distilled water
to remove residual alkali, and then the wet product was dried
at 50 �C for 24 h and preserved in a desiccator for further use
as sorbent.

The chemical modification of rice straw can be schemati-
cally expressed by equation:
2.2. Preparation of basic dye solution

Two basic dyes of commercial purity, basic blue 9 (BB9)
and basic red 5 (BR5), were used without further purification.
BB9 is a basic dye of phenothiazine type (C.I. No 52015,
FW¼ 373.9, lmax¼ 670 nm) and BR5 is a basic dye of phen-
azine type (C.I. No 50040, FW¼ 288.8, lmax¼ 530 nm). The
dye stock solutions were prepared by dissolving accurately
weighted dyes in distilled water to the concentration of
500 mg/l. The experimental solutions were obtained by dilut-
ing the dye stock solutions in accurate proportions to different
initial concentrations.

2.3. Experimental methods and measurements

Sorption experiments were carried out in a rotary shaker at
150 rpm and at ambient temperature (20� 2 � C) using 250-
ml shaking flasks containing 100 ml different concentrations
and initial pH values of dye solution. The initial pH values of
the solution were previously adjusted with 0.1 M HNO3 or
NaOH using pH meter. Different doses of sorbent were added
to each flask. After shaking the flasks for predetermined time in-
tervals, the samples were withdrawn from the flasks and the dye
solutions were separated from the sorbent by sedimentation/
centrifugation. Dye concentrations in the supernatant solutions
were estimated by measuring absorbance at maximum wave-
lengths of dyes with a 752W Grating Spectrophotometer
(Shanghai, China) and computing from the calibration curves.

The experiments were conducted in duplicate and the neg-
ative controls (with no sorbent) were simultaneously carried
out to ensure that sorption was by sorbent and not by the
container.

2.4. Determination of total phosphorus

The molybdenum blue method was employed for spectro-
photometric determination of total phosphorus in raw and
PA-modified rice straw.

Samples of raw and PA-modified rice straw were digested
as follows: 0.100 g of MgO and samples (0.0100 g for PA-
modified rice straw and 0.1000 g for raw rice straw) were
weighed in quartz crucible, placed in a furnace and incinerated
at 800 �C. Blank digestion was also carried out in the same
way.

After incinerated, the samples were dissolved in 20 ml of
redistilled water containing 20 ml of 1 M H2SO4, and then
transferred into 100-ml volumetric flask, followed by the addi-
tion of ammonium molybdate (5.30� 10�3 M) and hydrazine
+
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sulphate (3.07� 10�3 M) in 20 ml and heated in boiling water
bath for 20 min. After cooling, the solution was made up to the
mark and the absorbance was measured at 730 nm against a re-
agent blank.

The total phosphorus content in sample was derived from
calibration curve that was obtained using standard solution
of KH2PO4 in same spectrophotometric analytical condition.

3. Results and discussion

3.1. Influence of initial pH

Of all experimental parameters affecting basic dyes sorbed
on PA-modified rice straw, the influences of initial pH were in-
vestigated first. The initial pH of dye solutions was researched
over a range from 2 to 11. But for BR5, the experiments were
only conducted from pH 2 to 5 for avoiding dye precipitation
and color change. As elucidated in Fig. 1, for BB9 and BR5,
the dye removal ratios were minimum at the initial pH 2. The
percentages of dyes sorbed increased as the initial pH was in-
creased from pH 2 to 4. Beyond pH 4, the maximum dye re-
moval ratios were reached and the percentages of dyes sorbed
kept basically unchangeable. For this reason, the natural pH
values of dye solutions were selected for the other experiments.

3.2. Effect of sorbent dose

The effects of sorbent dose on the removal ratios of dyes
are shown in Fig. 2. Along with the increase of sorbent dosage
from 0.1 to 1.5 g/l, the percentages of dye sorbed increased
from 10.87 to 98.39% and from 7.21 to 97.97% in BB9 and
BR5, respectively. Above 1.5 g/l of sorbent dose, the sorption
equilibriums of dyes were reached and the removal ratios of
dyes held almost no variety. So, the sorbent dosage of 2.0 g/l
was chosen for subsequent experiments.
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Fig. 1. Influence of initial pH on sorption of BB9 and BR5 by PA-modified rice

straw (dye concentration: 250 mg/l; sorbent dose: 2 g/l; contact time: 6 h).
3.3. Influence of initial dye concentration

The influences of dye concentration on sorption percent-
ages of dyes were estimated. As shown in Fig. 3, when the
dye concentration was increased from 50 to 350 mg/l, the per-
centages of dyes sorbed were held above 98 and 96% for BB9
and BR5, respectively. But the higher dye concentrations
would obviously decrease the removal ratios of dyes.

With the data in Fig. 3, Langmuir equation was employed to
study the sorption isotherms of BB9 and BR5. The Langmuir
equation is based on the assumption that maximum sorption cor-
responds to saturated monolayer of sorbate molecule on the sor-
bent surface, that the energy of sorption is constant and that there
is no transmigration of sorbate in the plane of the surface. Lang-
muir isotherm was obtained by agitating the sorbent of fixed
dose and the dye solutions of different concentration for a con-
stant time greater than the sorption equilibrium time.

The non-linear Langmuir equation was expressed as
follows:

qe ¼ aQmCe=1þ aCe

Above equation can be linearized in following reciprocal
form:

Ce=qe ¼ 1=ðaQmÞ þCe=Qm

where Ce (mg/l) is the concentration of the dye solution at
equilibrium, qe (mg/g) is the amount of dye sorbed at equilib-
rium, Qm (mg/g) is the maximum sorption capacity and repre-
sents a practical limiting sorption capacity when the sorbent
surface is fully covered with monolayer sorbate molecules
and a is Langmuir constant. The Qm and a values were calcu-
lated from the slopes (1/Qm) and intercepts (1/aQm) of linear
plots of Ce/qe versus Ce.

The Langmuir sorption isotherms of BB9 and BR5 sorbed
on PA-modified rice straw are presented in Fig. 4. The values
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Fig. 2. Effect of sorbent dose on sorption of BB9 and BR5 by PA-modified rice

straw (dye concentration: 250 mg/l; contact time: 6 h; pH: natural).
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of parameters, correlation coefficients and probability factors
of the Langmuir equations are given in Table 1. The experi-
mental results indicated that the sorption isotherms followed
the Langmuir model. The maximum sorption capacity (Qm)
of PA-modified rice straw for BB9 and BR5 was 208.33 and
188.68 mg/g, respectively.

3.4. Effect of ion strength

The effects of ion strength on BB9 and BR5 sorbed on PA-
modified rice straw were tested by the addition of sodium
chloride to the dye solutions. The concentration of NaCl
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Fig. 3. Influence of dye concentration on sorption of BB9 and BR5 by PA-

modified rice straw (sorbent dose: 2 g/l; contact time: 6 h; pH: natural).
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Fig. 4. Langmuir sorption isotherms of BB9 and BR5 by PA-modified rice

straw.
used ranged from 0 to 0.5 M. As seen in Fig. 5, increasing
the ion strength of solution caused sharp decrease in sorption
percentages of BB9. This could be attributed to the competi-
tion of BB9 cation and Naþ ion for the sorption sites. But
the effect of ion strength on sorption of BR5 was not
remarkable.

3.5. Sorption kinetics

Fig. 6 illustrates the sorption kinetics of BB9 and BR5
sorbed on PA-modified rice straw. The removal rates of dyes
were very rapid during the initial stages of the sorption pro-
cesses. After a very rapid sorption, dye uptake rates slowly de-
clined with lapse of time and reached equilibrium values at
about 2 h and 4 h for BB9 and BR5, respectively. The three
phases of dye sorption could be attributed to boundary layer
sorption, intraparticle diffusion and sorption equilibrium,
respectively.

The kinetic data of the first 80 min in Fig. 6 were treated
with the following Lagergren’s pseudo-first-order rate
equation:

lgðqe� qtÞ ¼ lg qe� kadt=2:303

where qe and qt (mg/g) refer to the amount of dye sorbed at
equilibrium and time t (min), respectively, and kad is the rate

Table 1

The values of parameters, correlation coefficients and probability factors of

Langmuir equations

Dye Langmuir

Qm (mg/g) a R2 p

BB9 208.33 0.9796 0.9998 <0.001

BR5 188.68 0.4649 0.9994 <0.001
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Fig. 5. Effect of ion strength on sorption of BB9 and BR5 by PA-modified rice

straw (dye concentration: 250 mg/l; sorbent dose: 2 g/l; contact time: 6 h; pH:

natural).



336 R. Gong et al. / Dyes and Pigments 73 (2007) 332e337
constant. The rate constants kad could be calculated from the
slopes of the linear plots of lg(qe�qt) versus t. The Lagergren
plots of BB9 and BR5 sorption are shown in Fig. 7. The high
values of correlation coefficients showed that the data con-
formed well to the pseudo-first-order rate kinetic model.

3.6. Total phosphorus content and basic dye removal
capacity

The total phosphorus content and basic dye removal capac-
ity of PA-modified rice straw are presented in Table 2. The
data showed correlativity between phosphorus content and
dye removal capacity. Deducting the phosphorus content of
raw rice straw from the total phosphorus, the phosphorus
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Fig. 6. Sorption kinetics of BB9 and BR5 by PA-modified rice straw (dye con-

centration: 250 mg/l; sorbent dose: 2 g/l; pH: natural).
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Fig. 7. Lagergren plots for sorption of BB9 and BR5 by PA-modified rice

straw.
content of PA-modified rice straw was basically in agreement
with its basic dye removal capacity.

4. Conclusions

This study confirmed that PA-modified rice straw was an
excellent sorbent for removal of basic dyes from aqueous so-
lution. The optimal pH for favorable sorption was 4 and above.
The 1.5 g/l or more sorbent could almost completely remove
BB9 and BR5 from 250 mg/l of dye solution. The ratios of
BB9 and BR5 sorbed kept above 96% over a range from 50
to 350 mg/l of dye concentration when 2.0 g/l of sorbent
was used. Increase in ion strength of solution induced decline
of BB9 and BR5 sorption. The isothermal data fitted the Lang-
muir model. The sorption capacities for BB9 and BR5 were
208.33 and 188.68 mg/g, respectively. The sorption processes
followed the pseudo-first-order rate kinetics.
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