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With the excessive risks that are present in today’s environment, it is of great importance to treat
wastewaters before their discharge in water streams. One of the everyday challenges is design of a low-
cost and environmentally friendly sorbent such as hydrogel based on chitosan, itaconic and methacrylic
acid that can remove wide range of textile dyes. In the present study, this hydrogel has been utilized for
investigation of removal of three different azo dyes from simulated textile wastewater: C.I. Basic Blue
9, C.I. Basic Red I and C.1. Acid Orange 7. It was found that pH value of the solution had significant
effect on dye sorption. Removal of basic dyes was successful at higher pH values, while sorption of acid
dye was possible only at low pH value of solution. Simulated textile wastewater is a complex system with
various salts, acids and polymers present beside dyes. Regardless of these components, excellent
sorption capacity was achieved (more than 80% of dyes were removed), which makes this hydrogel

attractive for use under real conditions.
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1. INTRODUCTION

Textile and other dyeing industries are major
industrial wastewater sources. The textile industry
consumes large quantities of water and produces vast
volumes of wastewater from different steps in the dy-
eing and finishing processes (between 40 and 65 L/kg
of the product) [1]. Textile wastewater may contain
many types of dyes, common inorganic salts, heavy
metal ions and solvents. They are among the most
aggressive pollutants within the industrial sector and
they can cause permanent damage to the aquatic eco-
systems if discharged untreated [2].

Also, presence of dyes in textile wastewater is an
environmental problem due to their high visibility,
resistance and toxic impact. Low concentration of dye
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in water is easily visible and it can reduce photosy-
nthetic activities in aquatic environments by preve-
nting the penetration of light and oxygen [3]. Given
their synthetic origin and complex aromatic structures,
dyes are non-biodegradable substances and they rema-
in stable under different conditions [4]. In addition,
dyes have direct and indirect toxic effects on humans
as they are associated with cancer, tumors, skin irrita-
tion, allergies, heart defects and mutations [2, 5].

Dye-containing wastewaters are generally very
difficult to treat [6]. During the past few decades,
adsorption methods for dye removal have been proven
more advantageous over other various physical, che-
mical, photochemical, and biological methods [7]. Ad-
sorption is the most commonly used method because
it is relatively simple, easy to operate and handle and
cost-effective [8]. Many efforts have been made to
remove dyes using low-cost adsorbents [9, 10].

Recently, naturally occurring materials have be-
come a focus of environmental investigations due to
low cost and biodegradability. Chitosan is the second
most abundant biopolymer in nature after cellulose
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[11]. It has been widely investigated as an adsorbent
to capture dyes from aqueous solutions due to its ami-
ne (-NH) groups that can be protonated and thus
strongly adsorb dye anions by electrostatic attraction
[12]. However, shortcomings of chitosan are unsati-
sfactory mechanical properties, severe shrinkage and
deformation after drying, and solubility under acidic
conditions [13].

For that reason, chitosan has to be crosslinked for
most applications; however, formed networks have a
reduced adsorption capacity in comparison with the
linear polymer [14]. To improve the adsorption
capacity, chemical modifications of chitosan with
acids have been explored [15].

In this study, chitosan, itaconic and methacrylic
acid hydrogel was synthetized and used for the re-
moval of textile dyes from simulated textile waste-
waters. Removal of three textile dyes from two groups
was investigated.

The influence of dye structure, pH of simulated
textile wastewater, presence of each individual com-
ponent and temperature on the dye removal efficiency
was studied as well.

2. MATERIALS AND METHODS

2.1. Materials

For hydrogel synthesis, chitosan (Ch, Fluka, mi-
ddle viscous), itaconic acid (IA, Fluka) and metha-
crylic acid (MA, Sigma A.G.) were used. The crossli-
nking agent N, N’-methylenebisacrylamide (MBA,
Acros), redox pair potassium persulfate (KPS, Merck,
p.a.) and potassium pyrosulfate (KPyS, Merck p.a.)
were used without further purification. Deionized wa-
ter was used for all experiments.

Buffer solutions were prepared using disodium
hydrogen phosphate (Na,HPOs, Lach-Ner p.a.) and
sodium dihydrogen phosphate (NaH,PO4, Lach-Ner
p.a.). For the removal, three textile dyes were used
(Table 1).

2.2. Synthesis of hydrogel

Hydrogel synthesis procedure is described in
details elsewhere [16]. In short, Ch and IA were
ionically crosslinked and then MAA and crosslinker
MBA were added to obtain Ch/IA/MA hydrogel. Mo-
nomers ratio was Ch/IA/MA=1:1.56:10. Crosslinking

Table 1. List of azo dyes used in the study

agent (MBA) and redox pair (KPS/KPyS) concentra-
tion was 0.2 wt%, with respect to the total weight of
the reaction mixture. Distilled water was used as a
solvent. Nitrogen was bubbled through the mixture for
20 min to remove dissolved oxygen. The reaction mix-
ture was then placed between two glass-plates
(20%5%0.4 cm) sealed with a rubber spacer (2 mm
thick). Polymerization was carried out at 50 °C for 3 h
after which hydrogel was cut into discs and left in
distilled water that was changed for 7 days to remove
all unreacted monomers. The discs were dried at room
temperature to obtain xerogels.

2.3. Removal of azo dyes from solution

To evaluate sorption behavior of synthetized
hydrogels, simulated textile wastewater was used and
its composition is given in Table 2 [17].

Initial dye removal tests from simulated textile
wastewater by Ch/IA/MA hydrogel was evaluated at
50 °C in dye solutions prepared in: (a) distilled water
at initial pH, (b) distilled water where pH was in acid
and basic region (depending on the structure of dye),
(c) tap water at initial pH and (d) tap water where pH
was in acid and basic region.

Based on the analysis of these results, optimal pH
value for sorption of selected dyes was determined and
further experiments were conducted in simulated
textile wastewater (Table 2). Effect of each individual
components of the simulated textile wastewater on the
sorption efficiency of the dye was investigated as well.
The effect of temperature on the sorption of dyes has
been examined at three different temperatures: 25, 35
and 50 °C.

Dye removal experiments were conducted in the
following manner: 0.5 g of hydrogels was immersed
in 25 mL of dye solution or simulated textile waste-
water and beakers were places in water bath with me-
chanical agitation and temperature control (WND14
Memmert, Germany).

During 2 h of dye removal (15, 30, 60, 90 and 120
min), 3 mL of dye solution or simulated textile wa-
stewater were taken to monitor remaining dye
concentration by an UV/VIS spectrophotometer
Shimatzu 1800, at a maximum absorption wavelength
(Amax) of each dye. The aliquot was then returned to the
sample.

Anionic dye Abbreviation Formula Supplier Amax (nm) M.W. (g mol")
C.I. Acid Orange 7 AO7 Ci6H11N2NaO4S Cassela 486 350.3
C.I. Basic Red 1 BR1 C2sH31CIN203 Hochst AG. 524 479.0
C.I. Basic Blue 9 BB9 Ci6HisCIN3S Centrohem 663 319.9
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Table 2. Composition of simulated textile wastewater

Components Concentration
(mgL™

Azo dye

- C.I. Acid Orange 7 10

- C.I. Basic Red 1

- C.I. Basic Blue 9
Starch 1500
Sucrose 2000
Acetic acid 500
NaOH 660
H2SO04 350
NaCl 500

The percentage of dye removal from solution due

to adsorption was calculated by following equation:
D(%) = =%

Co

-100 (1)

where Cy and C; (mg L) are the liquid phase con-
centrations of dye initially and at time ¢.

3. RESULTS

3.1. Sorption experiments in distilled water

Preliminary tests were performed in distilled wa-
ter in order to determine dye sorption ability and
capacity of Ch/IA/MA hydrogel, which are pH-
sensitive due to the presence of carboxyl groups (-
COOH) originating from methacrylic and itaconic
acid and the amino group (-NH») from the chitosan
(data not shown).

Firstly, dyes were removed from aqueous solution
prepared in distilled water to determine pH range
suitable for removal of acid dye with anion and basic
dyes with cation in its structure. Measured pH of all
three dyes was around 7.0. It was found that sorption
of acid dye AO7 was very low and cannot be
considered successful. On the other hand, the sorption
of the basic dyes was more successful (more than 80%
of the dyes were sorbed).

Main reason for this behavior is the value of the
dissociation constant of the functional groups in the
hydrogel. Amino groups from chitosan are protonated
below its pK. value (pK,=6.5), while carboxylic
groups in itaconic acid become ionized at pH above
3.85 and 5.44 (pKa1 and pKa, respectively) as well as
in methacrylic acid (pK.=4.66) [18]. Hence, it is
necessary to set optimal pH value to enable formation
of interaction between groups from hydrogel and dyes.

For that reason, pH was adjusted in the following
experiment to allow protonation of amino groups in
the solution with an dye AO7 (pH = 3.0) and the
dissociation of the carboxyl groups in dye solutions of
the dyes BB9 and BR1 (pH = 9.0).

It was found that with adjustment of pH
significant increase in sorption was achieved and 84%
of AO7 was removed from the solution after 2 h due
to electrostatic interactions between —NH3" from
chitosan and anion from dye. The removal of basic
dyes was not changed substantialy with further
increase of solution pH, but the removal degree was at
the satisfactory level (more than 80% was removed
during 2 h).

3.2. Sorption experiments in tap water

Since textile industry rarely uses distilled water in
real-life conditions, further experiments were perfo-
rmed with dye solution prepared in tap water. Also,
influence of each individual component found in the
simulated textile wastewater on the removal degree is
investigated and given in Table

3. Unlike distilled water, in tap water different
ions (Ca*, HCOs, Mg?', SO4*, etc.) are present,
which influence directly removal of dyes. They form
interactions with groups in hydrogel and thus leave
less active sites for hydrogel to interact with dyes.

As in previous experiment, the temperature was
maintained at 50 °C and the pH value was adjusted to
pH=3 in the acid dye solution and pH=9 in basic dyes
solution. The results are given in Table 3.

Table 3. Effect of each individual components of the si-
mulated textile wastewater to the sorption effici-
ency of the dye at 50 °C

Dye removal (D) after 120 min, %
Component BBY BRI 407

(pH9) (pH 9) (pH 3)
Tap water 82 85 89
Starch 76 78 84
Acetic acid 73 74 84
NaOH 75 75 87
NaCl 73 78 86
H2S04 75 77 87

It can be observed that high degree of dye sorption
from tap water for all three dyes have been achieved
(> 80%). Although different ions are present in the tap
water, they do not interfere with the dye sorption
process from the solution. The influence of each
individual component from simulated textile waste-
water (Table 3) on the efficiency of dye sorption was
also examined. Each component was added to the dye
solution in tap water at the concentration usually found
in textile wastewater (Table 2).

Main reason for this experiment was to determine
whether some of the components that are, according to
the literature, most often found in the textile
wastewater have a significant effect on the sorption of
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the selected dyes by Ch/IA/MA hydrogel (Table 3).
After detailed analysis of the results, it was found that
none of the wastewater components significantly cha-
nge the final degree of removed dyes when compared
to the results obtained in tap water (Table 3).

3.3. Sorption of dye from simulated textile
wastewater

During the dying process, except for dyes, other
materials are used and each component has a specific
function. Usually these materials are salts, acids or
polymers that are used to improve dying efficiency,
but they end up in wastewater as well, which makes
wastewater treatment more complicated [16]. Measu-
red pH value of simulated textile wastewater is in the
range from 1.9 to 2.6 for all three dye solutions. Since
it is shown that pH of solution plays an important role
at the removal efficiency, the sorption of dyes from
simulated textile wastewater was performed at three
different pH (pH=3.0, 6.0 and 9.0).

Removal of dye BB9 at pH = 9 and 50 ° C from
simulated textile wastewater is given in Fig. 1. During
two hours of dye sorption, it was observed that the
peak denoting the maximum wavelength of dye in the
UV/VIS spectrum alternately disappears and recurs.
This behavior was unexpected (Fig. 1).

In concentrated aqueous NaOH solutions contai-
ning BB9 and glucose stirring process leads to the for-
mation of glucose enolate, which participates in the
oxidation-reduction reaction with BB9. Glucose is
oxidized to gluconic acid, which in the alkaline
solution has the form of sodium gluconate, while BB9
reduces to a colorless leukomethylene blue. In the
UV/VIS spectrum, leukomethylene blue does not
show the absorption peak and indicating that all dye is
removed from the solution. This phenomenon is called
the effect of “blue bottle”. If there is sufficient oxygen
and stirring, leuko-methylene blue is oxidized to BB9
and dye solution is again blue. With continuous
stirring, the entire process is repeated and color of the
solution can be changed several times (the number of
cycles depends on the available oxygen) [19].
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Figure I - Sorption of BB9 dye from simulated textile
wastewater at 50 °C with sucrose

In order to avoid the effect of “blue bottle” and to
evaluate BB9 dye removal from the aqueous solution,
pH of wastewater was adjusted and maintained in
alkaline environment with pH just slightly above 7.0.
Fig. 1 shows that at pH 7.5, “blue bottle” effect was
avoided and the dye was successfully removed (>
80%).

To avoid “blue bottle” effect, further experiments
were performed in simulated waste-water free of
sucrose. Sorption of BB9 was first monitored at a low
pH (pH=3.0) for 50 minutes, then the pH was
increased to 9.0 (Figure 2). During the first 50 min dye
removal degree was very low (Figure 2a). However,
only 10 min after the pH value was increased to 9.0
the color of the dye solution changed significantly.
Final dye removal degree of BB9 dye was 72%, which
confirmed once more necessity of alkaline environ-
ment for the effective removal of basic dye when
Ch/IA/MA hydrogel is used as sorbent. Also, a com-
plex composition of simulated textile wastewater did
not affect the efficiency of dye sorption on the hy-
drogel. Hydrogel discs were intensively colored after
sorption was completed, confirming that these hydro-

gels can be used for the removal of BB9 (Fig. 2¢).
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Figure 2 - (a) Sorption of BB9 dye from simulated
textile wastewater at 50 °C without sucrose at
pH=3 (50 min) and pH = 9 (50-120 min), (b)
Photographs of cuvette with BB9 dye solution
at different time intervals; (c) Photograph of
Ch/IA/MA hydrogels after removal of BB9

Afterwards, sorption of the dye BR1 was inve-
stigated (Figure 3). First, sorption was monitored at
low pH (pH=3.0) and, as expected, the concentration
of dye remained almost constant during 2 h due to
inability to form interactions with carboxylic groups
from hydrogel (Figure 3a). Afterwards, the pH was
adjusted to 6.0 (Figure 3a) and photographs of
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cuvettes with solution are presented in Fig. 3b. At the
beginning of measurement, an intensive orange color
of dye solution is present, but after 60 min 66% of the
dye was sorbed from the solution and intensity of color
in the cuvette decreased (Figure 3b). Finally, after 120
minutes 87% of the dye was removed. The simulated
wastewater remained slightly colored (Figure 3b),
whereas the hydrogel discs were intensively orange
(Figure 3b). Sorption of the dye from the solution at
pH 9.0 was also successful since 80% of dye was
removed after 2 h. Similar dye removal results were
obtained in distilled water confirming that pH value of
the solution is one of the most important effects on the
removal efficiency of dye BR1.

The influence of sucrose on sorption of BR1 dye
is shown as insert in Figure 3a. When the dye removal
results from simulated wastewater with and without
sucrose are compared, under the same experimental
conditions (pH=6.0) it can be seen that sucrose does
not affect the sorption efficiency of the dye from the
solution and same removal degree was achieved in
both cases after 2 h.
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Figure 3 — (a) The effect of pH on sorption of BRI dye

from simulated textile wastewater without

sucrose at 50 °C and the effect of sucrose on

BRI sorption at pH 6 (insert); (b) Photogra-

phs of cuvette with BRI dye solution at diffe-

rent time intervals (pH 6); (c) Photograph of
Ch/IA/MA hydrogels after removal of BRI

Several types of dyes are used for dyeing of
different materials in textile industry, but one of the
most common are acid dyes. Typical representative
from this group is AO7, which removal was also
investigated at pH 3.0, 6.0 and 9.0 (Fig. 4). Unlike
removal of basic dyes, negligible removal degree of
acid dye AO7 was obtained at higher pH values (pH
6.0 and 9.0). On the other hand, when pH was 3.0

significant sorption is achieved (83%). As in previous
case, presence of sucrose in the simulated textile
wastewater did not significantly affect sorption pro-
cess of AO7 dye (Figure 4a, insert).

At the beginning of the measurement, dye solution
is the intensively colored, but as the sorption process
progresses the color intensity of the solution decre-
ases. Dye solution is only slightly colored after 2 h
(Figure 4b). It is expected that complete dye removal
could be achieved if sorption time is longer. Hydrogel
discs, dried after the experiment, are shown in Figure
4c. The intensive red-orange color of the discs
originates from the bound dye in the hydrogel.

100 T — -
with scurose :
® without sucrose | ik (a)
go4PH3 | o .
' 40 :‘
60 i -
Sl N U .
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Figure 4 - (a) The effect of pH on sorption of AO7 from
simulated textile wastewater without sucrose
at 50 °C and the effect of sucrose on AO7
sorption at pH 3 (“insert”); (b) Photographs
of cuvette with AO7 dye solution at different
time intervals; (c) Photograph of Ch/IA/MA
hydrogels after removal of AO7

3.4. Influence of temperature

According to the literature, during the release the
temperature of textile industry wastewater is in the
range of from 25 °C to 65 °C [20]. In previous experi-
ments, optimal pH value for sorption of investigated
dyes from simulated textile wastewater was determi-
ned after which influence of temperature was evalua-
ted. Sorption of dyes was monitored at three different
temperatures: 25 °C, 35 °C and 50 °C, while the pH of
the solution for each dye is set to the optimal value.

When the temperature increases from 5 °C to
55 C, the degree of swelling slightly increases as a re-
sult of association/dissociation of inter- and intramo-
lecular hydrogen bonds within the hydrogel [16].
Therefore, it is of great importance to examine these
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two parameters when Ch/IA/MA hydrogel are used for
removal of dyes, since they can vary greatly when

wastewater is released from textile factories.
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Figure 5 - The effect of temperature on dye sorption
from simulated textile wastewater without
sucrose: (a) C.I. Basic Blue 9 (pH 9), (b) C.1I.
Basic Red 1 (pH 9), (c) C.I. Acid Orange 7
(pH 3)

Figure 5 shows the effect of temperature on the
sorption of dyes from simulated textile wastewater.
With increase of temperature from 25 °C to 50 °C
there is no noteworthy difference in dye removal. The
temperature in the investigated range does not influe-
nce sorption of acid and basic dyes at optimal pH
conditions. It was shown in previous research that
Ch/TA/MA hydrogels do not show substantial tem-
perature sensitivity in range from 5 °C to 50 °C [17];
hence, it was expected that efficiency of dye sorption
by this hydrogel does not change significantly when
the temperature changes.

4. CONCLUSION

pH-sensitive Ch/IA/MA hydrogel successfully re-
moved three azo dyes (C.I. Basic Blue 9, C.I. Basic
Red 1 and C.I. Acid Orange 7) and decolorized dye
solutions prepared in simulated textile wastewater. In
such systems azo dyes are removed via electrostatic
interaction between cation or anion in dye molecule
and carboxyl (-COOH) or amino group (-NH) in
hydrogel.

Preliminary tests were performed in distilled or
tap water with different components present in simu-
lated textile wastewater; it was found that these dyes
could be removed from solution and hydrogel was
successful in dye removal. Further examinations were
performed in simulated textile wastewater due to its
complexity.

It was observed that pH value of dye solution has
substantial effect on the efficiency of sorption of the
tested dyes. Negatively charged carboxylic groups at
higher pH values attract and bind cations from basic
dyes, while the positively charged amino group at the
low pH attract and bind anions of acid dyes.
Ch/IA/MA hydrogel sorbed all three tested dyes with
high efficiency (> 75%) from simulated wastewater at
the appropriate pH value. Further, temperature does
not affect the sorption process of the dyes in the range
from 25 °C to 50 °C and overall good removal efficie-
ncy was achieved. Obtained results indicate that syn-
thetized hydrogel can be used for the removal of di-
fferent types of textile dyes, regardless of their stru-
cture and temperature at which sorption is performed.
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REZIME

SORPCIJA BOJA ZA TEKSTIL I1Z TEKSTILNIH OTPADNIH VODA POMOCU
HIDROGELA NA BAZI HITOZANA

Zbog sve vise rizika koji se javljaju po Zivotnu sredinu, veoma je vazno precistiti otpadne vode pre
njihovog ispustanja u vodotokove. Zato je jedan od izazova danasnjih istraZivanja dizajn jeftinog i
ekoloski prihvatljivog sorbenta, kao Sto je hidrogel na bazi hitozana, itakonske i metakrilne kiseline, koji
moze da ukloni Sirok spektar tekstilnih boja. U ovom radu je koris¢en hidrogel za ispitivanje uklanjanja
tri razlicite azo boje iz simulirane otpadne vode iz tekstilne industrije: C.1. Basic Blue 9, C.I. Basic Red
1i C.I Acid Orange 7. Utvrdeno je da pH vrednost rastvora znacajno utice na sorpciju boja. Uklanjanje
baznih boja je uspesno pri visim pH vrednostima, dok je sorpcija kisele boje moguca samo pri niskoj pH
vrednosti rastvora. Simulirana otpadna voda iz tekstilne industrije je sloZen sistem sacinjen od razlicith
soli, kiselina i polimera koji su prisutni pored boja za tekstil. Bez obzira na ove komponente, ostvaren je
odlican kapacitet sorpcije (uklonjeno je vise od 80% boje iz rastvora), Sto ovaj hidrogel cini atraktivnim
za upotrebu u realnim sistemima.

Kljuéne reéi: hidrogel, sorpcija, boje za tekstil, hitozan
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