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Rye straw, a very low-cost material, was employed as a biosorbent for two organic water-soluble dyes
belonging to different dye classes, namely acridine orange (acridine group) and methyl green
(triarylmethane group). The adsorption properties were tested for native and citric acid-NaOH modified
rye straw, both in nonmagnetic and magnetic versions. The adsorption equilibrium was reached in 2 h
and the adsorption isotherms data were analyzed using the Langmuir model. The highest values of
maximum adsorption capacities were 208.3 mg/g for acridine orange and 384.6 mg/g for methyl green.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Enormous amounts of dyestuff are consumed annually by
various sectors of industry, e. g. textile, paper, leather, plastics,
rubber, cosmetics, pharmaceuticals and food industries [1]. These
compounds or their metabolites cause concern for human health
because of their toxicity, carcinogenity and mutagenity [2,3] and
also due to high persistence in environment and non-biodegradable
characteristics [4]. Moreover, the colored dye effluents can block the
penetration of sunlight and oxygen which are both essential for
various aquatic forms of life [5].

Many techniques have been employed to eliminate dyes from
waste water. These methods involve e.g. ion exchange, coagulation
and flocculation, oxidation and various forms of degradation
(photo-, bio- and chemical-) [4,6]. Among them, adsorption is
considered to be superior because of the high efficiency and
subsequently economical value [7].

In recent years, many plant materials have been tested as low-
cost adsorbents for various xenobiotics, such as organic dyes, heavy
metals, radionuclides or endocrinne disruptors. For instance, wheat
straw [8], barley straw [9], rice straw [10], rice husks [11], sawdust
[1], tea waste [5], peanut husks [12], spent coffee grounds [13],
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coffee husks [14], spent grain [15], fruit peels [16] and sugarcane
bagasse [17] have been succesfully used for organic dyes removal.

Rye straw represents a very interesting material that can be
obtained in large amount and for low price. Nevertheless, there are
only few publications focused on utilization of rye derivatives for
xenobiotics removal. One of them describes adsorption of Cr (VI)
[18] and the second one removal of azodyes [19].

Native plant materials usually show lower maximum adsorp-
tion capacities. Nevertheless, these values can be significantly
increased using a suitable method such as treatment with various
acids, hydroxides or combination of both; also less common
carbonization or hydrolysis have been reported recently [9,11].

A successful combination of nonmagnetic powdered material with
magnetic nano- or microparticles (often bound on the surface or
within the pores of the modified material) results in a formation of
magnetically responsive (bio)composites which exhibit response to
external magnetic field. Magnetic materials facilitate and accelerate
many manipulations, also in difficult-to-handle materials (including
raw extracts, blood and other body fluid, environmental samples,
cultivation media, suspensions, etc.) [20]. Originally diamagnetic mate-
rials can be easily and selectively separated using a permanent magnet,
an appropriate magnetic separator or an electromagnet. Magnetic
separations can also be performed in large scale due to the existence
of industrial magnetic separators, currently employed e.g. in kaolin
decolorization, steel industry, mineral beneficiation, etc. [20].

The aim of this paper is the comparison of adsorption properties
of native and chemically modified rye straw, both in nonmagnetic
and magnetic versions for organic dyes adsorption and a demonstra-
tion of the promising potential of this type of plant-based material.
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2. Materials and methods
2.1. Materials

Rye straw was supplied by the farm Tomsik in Horni Dubenky
(Czech Republic). Ferrous sulfate heptahydrate and sodium hydro-
xide were from Sigma-Aldrich (Czech Republic), citric acid from
Lachema (Czech Republic), acridine orange (CI (Colour Index)
46005) and methyl green (CI 42585) from Loba Feinchemie
(Austria).

2.2. Preparation of rye derivative

Before all experiments, rye straw was cut into smaller pieces
(ca. 5 cm), milled and sieved to obtain fine particles about 0.1-
2 mm in diameter.

2.3. Magnetic modification

Magnetic modification was carried out according to the
described procedure [21] using microwave-synthesized magnetic
iron oxide nano- and microparticles. Briefly, 1 g Fe(SO,4) - 7H,0 was
dissolved in 100 mL of water and solution of NaOH (mol/L) was
added dropwise under stirring until the pH reached the value 12

Fig. 1. Magnetic separation of magnetically modified rye straw using NdFeB
permanent magnet (diametre: 20 mm; height: 10 mm; remanence: 1T).

and the precipitate of iron hydroxides was formed. Then the
suspension was diluted up to 200 mL with water. The beaker
was inserted into a standard kitchen microwave oven (700 W,
2450 MHz) and treated at maximum power for 10 min. Finally, the
formed magnetic particles were repeatedly washed with water
until the pH was neutral.

To prepare magnetic biosorbent derivate, 1 g of straw was
thoroughly mixed with 2 mL of magnetic iron oxide nano- and
microparticles suspension (1 part of completely sedimented mag-
netic particles and 4 part of water) and then this mixture was
dried at 60 °C for 24 h.

2.4. Citric acid—-NaOH modification

The chemical modification of rye straw was performed as
described previously [2]. Citric acid (0.5 mol/L) was added to rye
straw in a ratio 12:1 (v/w). This mixture was stirred for 30 minutes
and dried at 50 °C for 24 h. The termochemical reaction between
rye straw and citric acid (CA) was carried out by increasing the
temperature to 120 °C for 60 min. After cooling at room tempera-
ture, the CA-modified straw was thoroughly washed with distilled
water to obtain neutral pH and filtered. Then a solution of NaOH
(0.1 mol/L) was added to the filtrated residues in a ratio 12:1 (v/w)
and the mixture was stirred for 90 min. Finally, the CA-NaOH
modified straw derivative was extensively washed with distilled
water to remove alkali residuals and dried at 50 °C for 24 h.

2.5. Adsorption of dyes on rye straw biomass

Testing of the adsorption properties slightly differed for
untreated and chemically modified dye straw. In case of untreated
derivative, 30 mg of biosorbent was mixed with 1 mL of distilled
water and then 1-9 mL of dye (mg/mL) was added, while in the

Fig. 2. Structures of native (left) and chemically modified (right) rye straw adsorbents.
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Table 1
Other adsorbents for acridine orange and methyl blue removal. The maximum adsorption capacities ( Qmax ) were calculated using the Langmuir or Langmuir-Freundlich
models.
Dye Adsorbent Qmax (Mg/g) Other notes Reference
Acridine orange Calcium alginate beads 41.8 Optimal pH 5-8 [22]
Graphene alginic beads 61.3
Graphene oxide/calcium alginate beads 59.0
Graphene oxide/alginic beads 63.3
ZSM-5 nanozeolit 55.5 Optimal pH 9-11 [23]
Fe-ZSM-5 nanozeolit 64.9 Qmax increases with increasing temperature
Spent coffee grounds/magnetic fluid 734 Used also for magnetic solid phase extraction [13]
Peanut husks/magnetic fluid 71.4 Equilibrium 60-90 min [12]
Magnetic particles (y-Fe,03) 59.0 Optimal pH 4-8 [24]
Kluyveromyces fragilis/magnetic fluid 59.1 Equilibrium 60-90 min [25]
Spruce sawdust/magnetic fluid 241 Served also as an absorbent for lysozyme [26]
Native rye straw 42.9 Equilibrium in 2 h This work
Rye straw/microwave-synthesized magnetic iron oxides 36.9
Citric acid-NaOH rye straw 192.3

Citric acid—-NaOH rye straw/ microwave-synthesized magnetic iron oxides 208.3

Methyl green Graphene sheets 203.5-312.8  Qmax increases with increasing temperature  [27]
Graphene sheets decorated with CoFe,04 147.1-149.8
Native rye straw 95.2 Equilibrium in 2 h This work
Rye straw/microwave-synthesized magnetic iron oxides 78.1
Citric acid-NaOH rye straw 384.6
Citric acid-NaOH rye straw/ microwave-synthesized magnetic iron oxides 357.1
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Fig. 4. Time necessary to reach the adsorption equilibrium for methyl green
(e native and © chemically modified).
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Fig. 5. The Langmuir isotherms for differently modified rye straw (o native
nonmagnetic, ® native magnetic, A CA-NaOH modified, ® magnetic CA-NaOH)
and acridine orange.

second case, 30 mg of CA-NaOH straw was mixed with 4 mL of
distilled water and 1-6 mL of dye (5 mg/mL) was added. The final
volume was made up to 10 mL with distilled water. Both types of
absorbents were incubated for 3 h at room temperature.
Subsequently the nonmagnetic derivatives were centrifuged
out (8 min at 10000 ¢g), while the magnetic materials were

™

separated by means of magnetic separator (DynaMag -15, Dynal,

Concentration of free dye (mg/L)

Fig. 6. The Langmuir isotherms for differently modified rye straw (© native
nonmagnetic, ® native magnetic, A CA-NaOH modified, ® magmetic CA-NaOH)
and methyl green.
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Fig. 7. Comparison of the maximum adsorption capacities for differently modified
rye straw and acridine orange.

Norway) and the clear supernatant was used for spectrophoto-
metric measurement (UV/VIS Spectrophotometer Cintra 20, GBC,
Australia). The concentration of free (unbound) dye in the super-
natant (Ceq) was determined from the calibration curve. The
amount of dye bound to the unit mass of the adsorbent (Qeq)
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Table 2
Some published methods for increasing of Qmax of straw.

e o odification emoval ol ther notes eferences
Type of Modificati Re 1 of Oth Ref
straw
Wheat Graft copolymerization Ammonium; phosphate  Potassium acrylate/polyvinylalcohol [28]
Succinoylation Cr (VI) Succinic anhydride, dimethylacetamide, catalyst 4-dimethyalminopryidine [29]
Esterification Methyl orange; Acid 30% NaOH, trimethylammonium chloride [30]
green 25
Mild acid hydrolysis Methylene blue; Red Basic 100 °C, 18 M H,S04; Qmax increased 3 times (RB22) and 9 times (MB) [31]
22
Surfactant modification Acid blue 40; reactive Cetylpyridinium chloride [32]
black 5
Grafting method and amine-cross-  NO5, PO3~, Cr,0,%~ Epichlorohydrin, triethylamine and ethylenediamine [33]
linking Acid Red 73; Reactive Red [4]
24
Solid-phase esterification Copper ion; methylene Citric acid-NaOH treatment with addition of Pb(NO3),, Qmax increased ca [34]
blue 6 times
Copper ion Citric acid-NaOH treatment, 11 times higher Qpmax [8]
Alkalization Cu (II) Treatment with 5% NaOH, 1% NaOH and 5% NaOH in combination with [35]
formaldehyde
Cr (III) 2N NaOH, stirred for 10 min, left overnight [36]
Carbonization Cr (VI) No activation process [37]
Rice Alkalization with cross-linking U (VI) 25% NaOH + epichlorohydrin [38]
Mercapto-grafting Hg (I1) 1.5% 3-Mercaptopropyltriethoxysilane [39]
Acetylation Oil spill Acetic anhydride, 100 and 120 °C, 1-4 h, 4 tertiary amine catalysts [40]
- 384.6 3571 Rye straw derivatives were tested as potential adsorbents for
5 400 1 two types of organic water-soluble dyes, namely acridine orange
s 350 belonging to acridine group and methyl green representing
8 300 - triarylmethane group. Their chemical structures are illustrated in
s 250 - Fig. 3. Table 1 shows some published adsorption data of various
. @ 200 - adsorbent which have been recently used for acridine orange and
—
o b methyl green removal.
w £ 150 4 95.2 781 . . R
T - o ) — - The time necessary to reach the adsorption equilibrium was
£ equal to approximately two hours for both native and chemically
E 50 1 modified rye straw as shown in Fig. 4. Nevertheless, the incubation
'g 0 - - » of all experiments was performed for three hours.
s nonmagnetic  magnetic  CA-NaOH ":‘fbc'f' The adsorption properties of the prepared adsorbents were

Type of modification

Fig. 8. Comparison of the maximum adsorption capacities for differently modified
rye straw and methyl green.

was calculated using the following formula:
Qeq =(0.01C6t-0.01Ceq)/0.03 (mg/g)

where Cy is the total (initial) concentration (ug/mL) of dye used in
the experiment.

3. Results and discussion

As can be seen on Fig. 1, magnetic modification of rye straw by
microwave synthesized magnetic iron nano- and microparticles
led to a formation of magnetically responsive material reacting to
external magnetic field. During this procedure the whole amount
of straw was magnetically modified. The presence of magnetic
particles on the surface was detected using Perl's Prussian Blue
Stain causing intense blue color of the Fe>* containing material.

It was proven that the stability of magnetically modified straw
is very high. This material can be stored in water suspension (at
4 °C) more than six months without releasing magnetic particles
or other negative changes.

No substantial morphological differences in the structure of
native and chemically modified rye straw were found as demon-
strated in Fig. 2.

analyzed using the Langmuir isotherms (Figs. 5 and 6) and the
maximum adsorption capacities (Qmax) Were calculated by linear
regression of these isotherms. The comparison of Qu.x values is
demonstrated in Fig. 7 (for acridine orange) and Fig. 8 (for methyl
green). As can be seen from these figures, the presence of
magnetic particles in native versions of straw slightly decreased
the maximum adsorption capacities. After chemical modification,
some significant differences in adsorption properties of tested
dyes appeared. In the case of acridine orange, the magnetic
Ca-NaOH rye straw derivatives reached higher maximum adsorp-
tion capacities than the nonmagnetic derivatives, while the trend
for methyl green is opposite.

It is apparent that citric acid-NaOH modification considerably
increased the maximum adsorption capacities, in all cases more
than four times. Many published studies have been focused on
improvement of adsorption properties of various types of straw
recently. Some of these methods can be seen in Table 2.

4. Conclusion

The results clearly demonstrate that rye straw derivatives,
especially the one obtained by after citric acid—-NaOH modification,
can be considered as a very promising low-cost material for
various types of organic dyes removal. The manipulation with
adsorbents can be significantly facilitated after their conversion
into magnetically responsive materials using microwave-
synthesized magnetic nano- or microparticles.
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