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Abstract

In this study, we analyzed the effectiveness of sorption of dyes popular in the textile industry (Reactive Black 5, Reactive
Yellow 84, Acid Yellow 23, and Acid Red 18) on aminated and non-aminated seed hulls of common sunflower (Helianthus
annuus L.). The scope of the study included: determination of the effect of pH on dye sorption effectiveness, sorption kinetics
analyses (sorption equilibrium time, pseudo-first-order/pseudo-second-order model, intramolecular diffusion model), and
determination of the maximum sorption capacity against dyes (Langmuir/Freundlich isotherm). The sorbent was subjected to
the FTIR analysis. The sorption capacity of the aminated sunflower seed hulls against reactive dyes RB5 and RY 84 accounted
for 51.02 mg/g and 63.27 mg/g, respectively, and was higher by 1665% (17.6 times higher) and 1425% (15.3 times higher)
compared to that of non-modified hulls. In the case of acidic dyes, Acid Yellow 23 and Acid Red 18, the sorption capacity of
the aminated sunflower seed hulls reached 44.78 mg/g and 42.19 mg/g, respectively, and was higher by 1881% (19.8 times
higher) and 2284% (23.8 times higher), respectively, compared to the non-modified hulls.
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Introduction

Dyes are compounds which bind permanently with different
materials or substances, thereby imparting color to them.
The greatest demand for colorants comes from the textile,
tanning and paper industries (Okoniewska 2016). Over
100,000 dyes of various types are available on the market
and their global production accounts for over 800,000 Mg
(Revankar and Lele 2007). Today, anionic dyes represent the
largest group of produced dyes (Papic et al. 2004).
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Anionic dyes dissociate in water, and this reaction results
in the formation of a color anion. They are mainly used for
dyeing fibers with a base character like wool or polyamide
fibers. Owing to their very good solubility in water and often
low affinity to the material being dyed, even up to 50% of the
anionic dyes used in this process are discarded with post-
production wastewater (Lewis 1999). For this reason, these
dyes are considered the most important and the most com-
mon type of contamination of colored industrial wastewater.

Dyes present in industrial wastewater are a highly hazard-
ous form of contaminants. Their penetration into the natural
environment may trigger severe changes in the water eco-
system. For example, anionic dyes may reduce the access
to light for autotrophs in natural aquifers even at the con-
centration of 1.0 mg/L. This may result in the inhibition of
photosynthesis and death of part of the higher plants. The
presence of dyes in water may also contribute to reduced
oxygen diffusion in water which together with photosyn-
thesis decay may lead to the development of anaerobic con-
ditions in water and, consequently, to the collapse of the
aquatic ecosystem. In addition, many types of dyes and
products of their degradation may be toxic to aquatic fauna
(Crini 2006).
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Considering the widely understood welfare of the aquatic
environment, it seems advisable to use the most effective
methods of wastewater decolorization. Systems for dyes
removal from wastewater should be developed especially as
intended for the removal of anionic dyes because they are the
most frequent component of colored industrial wastewater.

Adsorption is commonly believed to be one of the best
methods for dyes removal from wastewater. In the case of
dyes, this process consists in the accumulation of color
substances on the whole available surface of the adsorbent.
Both Van der Waals forces, as well as hydrogen, ionic and
covalent links may be involved in the process of dye bind-
ing on the sorbent. An advantage of adsorption is its low
cost resulting mainly from sorbent price. Its effectiveness
depends on sorbent type and conditions of the sorption pro-
cess (pH, temperature, stirring rate, ionic strength) (Gupta
and Suhas 2009).

Very good capability for anionic dyes sorption is exhib-
ited by chitosan which in this case outclasses even activated
carbon. Chitosan sorption capacity against selected anionic
dyes may exceed 1000 mg/g (J6zwiak et al. 2015, 2017b).
The high efficiency of chitosan as a sorbent results from the
presence of secondary amine groups in its structure, which
are responsible for its base character. Capable of protonation
—NH, groups of chitosan are the main active center against
anionic dyes (Annadurai et al. 2008). Unfortunately, the
amount of available raw material for the production of chi-
tosan sorbents has recently depleted on the market as chitin
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and chitosan are purchased by pharmaceutical companies for
the production of glucosamine. In view of the curbed access
to chitosan, a search is underway for its cheaper substitutes.
A polysaccharide whose chemical structure resembles
that of chitosan is cellulose (Fig. 1). As the main constitu-
ent of cell walls of higher plants and also of some algae
and bacteria, cellulose is the most widespread biopolymer
worldwide. The difference between the presented polysac-
charides results from the presence of a primary amine group
in chitosan at the site of the hydroxyl group of cellulose.
Increased interest has recently been observed in the use
of high-cellulose waste materials from the agri-food indus-
try for wastewater treatment. Significant advantages of such
sorbents include their very low price and very high availabil-
ity. Ample studies have been investigated the possibility of
wastewater decolorization using high-polysaccharide waste
materials. The lignocellulose waste sorbents investigated
so far have included, among others: stems of crops (Tung
et al. 2009), skins of citrus fruits (Arami et al. 2005; Mafra
et al. 2013), potato skins (Tiwari et al. 2015; Lairini et al.
2017), sawdust (Dulman and Cucu-Man 2009; Ratnamala
et al. 2016), nutshells (Ponnusamy and Subramaniam 2013)
and pumpkin seed hulls (Celekli et al. 2014). Despite a high
content of polysaccharides, with structure similar to that of
chitosan, they failed to achieve dye sorption capacity com-
parable to that of chitosan sorbents. The low effectiveness
of dye sorption onto biosorbents rich in cellulose and hemi-
cellulose is most likely due to the neutral character of these
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Fig.1 IR spectra of SSH and SSH-AM
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polysaccharides, and to a lack of functional groups capable
of easy protonation.

An idea has emerged, therefore, to increase sorption capa-
bilities of polysaccharide sorbents through enrichment of
their polysaccharides with amine functional groups. It was
assumed that after attaching the amine group to the polysac-
charide chain, the polysaccharides having the neutral charac-
ter (like cellulose) would attain base character and sorption
properties similar to that of chitosan.

A functional amine group may be inserted into the struc-
ture of an organic molecule via the amination process. The
amination of a substance proceeds as a result of contact
with an aminating agent. Popular aminating agents include,
among others: ethylenediamine, triethylenetetramine and
melamine. Organic compounds may also be aminated via
ammonization, i.e., reaction with ammonia.

Amination of polysaccharides is often preceded by poly-
saccharide activation with epichlorohydrin which enriches
the material in epoxide groups that easily attach amines via
addition (Liu et al. 2013; Razavi and Akhlaghinia 2015;
Abdollah et al. 2014).

The objective of this study was to determine the possibil-
ity of increasing sorption capabilities of a lignocellulosic
waste material against anionic dyes as a result of ammoni-
zation (amination with ammonia water) process. Sunflower
seed hulls (with ~90% content of polysaccharides and
lignins) were used as the sorbent, the sorption capabilities
of which were tested against anionic dyes popular in the
textile industry, including two reactive dyes (Reactive Black
5, Reactive Yellow 84) and two acidic dyes (Acid Yellow
23 and Acid Red 18). Research to the article was conducted

Table 1 Characteristics of dyes used in the study

at the Department of Environmental Engineering of the
University of Warmia and Mazury in Olsztyn (Warszawska
117a, 10-720 Olsztyn, Poland) and lasted from April to June
2017.

Materials and methods
Sunflower seed hulls

The study was conducted with seed hulls of sunflower
(Helianthus annuus L.) collected at an agri-farm in Poland.
Contents of individual polysaccharides in the hulls are as
follows: cellulose—42.7%, hemicellulose—24.0% and
lignin—23.2% (Saura-Calixto et al. 1983).

Dyes

The study was conducted with anionic dyes popular in the
textile industry including two reactive dyes: Reactive Black
5 (RB5) and Reactive Yellow 84 (RY84) and two acidic
dyes: Acid Yellow 23 (AY23) and Acid Red 18 (AR18).
Dyes originated from a dye production plant Boruta-Zachem
SA in Bydgoszcz, Poland; their characteristics are presented
in Table 1.

Chemical reagents
The following chemical reagents were used in analyses:

e Epichlorohydrin>99% (ACROS ORGANICS, Poland),

Dye name Reactive Black 5

Reactive Yellow 84

Acid Yellow 23 Acid Red 18
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0.00-50.00 0.00-50.00

Dye type
Dye application

Anionic (reactive)

Dyeing of: cotton, viscose,
wool, polyamide fibers

Anionic (reactive)

Dyeing of: polyester, cotton,
synthetic silk

Anionic (acidic)

Dyeing of: wool, silk, leather
and paper. Coloration of:
food products, drugs and
cosmetics

Anionic (acidic)

Dyeing of: cotton, silk,
leather, paper, wood, plas-
tics. Coloration of drugs
and cosmetics

]
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e Hydrochloric acid 35—37% a.p. (POCH S.A., Poland),
e Sulfuric acid 2 M solved solution (POCH S.A., Poland),
e Sodium hydroxide a.p. (POCH S.A., Poland).

Laboratory equipment
The following laboratory equipment was used in the study:

HI 110 pH meter, HANNA Instruments, Poland.

Basic Shaker SK-71, JEIO TECH, Korea.

Water bath shaker type 357, Elpin-Plus, Poland.
Multi-Channel Stirrer MS-53M, JEIO TECH, Korea.
UV-3100 PC spectrophotometer, VWR spectrophotom-
eters, Canada.

e Nicolet 6700 FTIR spectrometer with a single-reflection
diamond ATR element, ThermoElectron Scientific, USA.

Preparation of sunflower seed hulls (SSH)

Sunflower seed hulls were rinsed with water, dried and disin-
tegrated in an electric laboratory grinder. The disintegrated
bulk of hulls was sieved through a laboratory screen with
a mesh diameter of 4 mm. The sunflower seed hull frac-
tion which passed through the 4-mm screen was next sieved
through a laboratory screen with a mesh diameter of 2 mm.
The fraction of hulls left on the 2-mm screen, i.e., hull par-
ticles with diameters of 2—4 mm, was used for analyses.

After disintegration and sieving through screens (fraction
of 2—-4 mm), the hulls of sunflower seeds were immersed
in 2 M sulfuric acid (H,SO,). After 24-h contact with the
acid, the hulls were drained and rinsed with distilled water.
Next, they were immersed in sodium hydroxide (NaOH) for
another 24 h. Afterward, the hulls were drained and rinsed
with distilled water to remove NaOH residues. Ready for
analyses hulls were stored in distilled water at a temperature
of 4 °C.

Preparation of aminated sunflower seed hulls
(SSH-AM)

Amination of sunflower seed hulls was preceded by sorbent
activation in the solution of epichlorohydrin.

Sunflower seed hulls (100 g d.m.) were weighed into a
300-mL conical flask, and a solution of epichlorohydrin
(>99%) was added. Next, the flask was put on a shaker with
a water bath set at 100 rpm. stirring rate and a temperature
of 60 °C. After 24 h, the hulls were drained and rinsed with
distilled water to remove residues of non-reacted epichloro-
hydrin. Afterward, they were transferred to a conical flask
(300 mL), to which 100 mL of ammonia water (25%) were
added. The flask was protected with foil and put on a shaker
(100 rpm.) that was placed under a fume hood. After 24 h,
the hulls were drained and rinsed with distilled water. As in
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the case of the non-modified hulls, the aminated hulls were
stored in distilled water at a temperature of 4 °C.

Determination of the effect of pH on dye sorption
effectiveness

Portions of sunflower seed hulls (0.5 g d.m. each) were
weighed into conical flasks (250 mL). Then, 100 mL of a
dye solution (50 mg/L) with pH from 2 to 11 were poured
into each flask (correction of the pH with solutions of HCI
and NaOH). Next, the flasks were placed on a laboratory
shaker (150 rpm.). After 2 h of shaking, 10 mL samples were
collected from flasks for spectrophotometric determination
of the concentration of dye left in the solution. If necessary
(concentration of the dye above the range of the calibration
curve), the solution was diluted with distilled water and the
result was recalculated.

Kinetic analyses of dye sorption onto SSH
and SSH-AM

Sunflower seed hulls (5 g d.m.) were weighed into coni-
cal flasks (1000 mL), and then solutions of dyes with the
optimal pH (determined in point “Effect of pH on dye sorp-
tion effectiveness”) and with concentrations from 10 to
500 mg/L were added to the flasks. The flasks were placed
on a multi-station magnetic stirrer (150 rpm.). Samples of
solutions (5 mL) were collected from the flasks in specified
time intervals: 0/5/10/20/30/45/60/120/180/240/300/360 mi
n, for spectrophotometric determination of the concentration
of dye left in the solution.

Analyses of sorption capacity of the tested sorbents

Sunflower seed hulls (0.5 g d.m.) were weighed into a series
of conical flasks (250 mL); then dye solutions with concen-
trations from 10 to 500 mg/L and pH value determined in
point “Effect of pH on dye sorption effectiveness” (results)
were added to the flasks, which were then placed on a shaker
(150 rpm.). Once the sorption equilibrium had been reached
(based on “Analyses of sorption kinetics” (results)), samples
of solutions (10 mL) were collected from flasks for determi-
nation of the concentration of dye left in the solution.

Computation methods

The quantity of dye sorbed on the tested sorbents was com-
puted based on formula 1:

gs = ((Co~Cs) * V)/m (M
where gg—mass of dye sorbed under static conditions
(mg/g d.m.), Cy—initial dye concentration (mg/L), Cc—dye
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concentration after sorption (mg/L), v—solution volume (L),
m—sorbent mass (g d.m.).

Kinetics of dye sorption on the tested sorbents was
described using the pseudo-first-order (2) and the pseudo-
second-order (3) models, and also via the intramolecular dif-
fusion model (4) (determination of the amount and intensity
of sorption stages).

dg/dt =k, (q. — q) )
dg/dt = ky(q. — q)° 3
q=ky * 05 @

where g—momentary quantity of the sorbed dye (mg/g),
g.—equilibrium quantity of the sorbed dye (mg/g), ~—sorp-
tion time (min), k,—constant in pseudo-first-order equation
(1/min), k,—constant in pseudo-second-order equation (g/
(mg*min)) and k —adsorption rate constant in the intramo-
lecular diffusion model (mg/(g"‘mino'5 )

Experimental results from sorption capacity analyses
were described using two sorption isotherms: Langmuir
isotherm (5) and Freundlich isotherm (6).

QSZ(‘]maX*KC*C)/(l"'KC*C) ©)

gs =K = C" (6)
where gg—mass of dye sorbed under static conditions
(mg/g d.m.), q,,.,~—maximum sorption capacity in Langmuir
equation (mg/g d.m.), K——constants in Langmuir’s equation
(L/mg), K—constant of sorption equilibrium in Freundlich
model, n—constant in Freundlich equation and C—concen-
tration of dye left in the solution (mg/L).

Results and discussion
FTIR analysis of SSH and SSH-AM

The FTIR spectrum of sunflower seed hulls was achieved
using the Nicolet 6700 FTIR spectrometer with a single-
reflection diamond ATR element, ThermoElectron Scien-
tific, USA. Sample scanning range covered infrared with a
wavelength range of 4000-600 cm™, and the resolution of
each spectrum was 1 cm™".

The FTIR spectrum of SSH (Fig. 1) was typical of the cel-
lulose-based sorbent. Distinct peaks at 1060 cm™! (backbone
vibrations of C—O bond), 1160 cm™!, 1200 cm™" (symmetric
and asymmetric stretching of C-O—C bond) and 1314 cm™!
(oscillatory vibrations of -CH,— at C6) are indicative of sac-
charides presence in SSH. The peak at 896 cm™! signalizes
vibration of C—H bond which deforms the hydrocarbon ring,
whereas peak at 1104 cm™! indicates asymmetric stretching
of the saccharide ring. In turn, a distinct peak at 1040 cm™!
may indicate ring and side group vibrations of C-C, C-OH

and C—H. The peak at 1370 cm™~! denotes C—H stretching
in the plane, whereas the peak at 2900 cm™'—symmetric
stretching of C—H bond. Presumably, the peak at 1424 cm™!
signalizes vibrations of H-C—H and O—C-H bonds, and that
at 1509 cm™! indicates backbone vibration of C—-C bond
(Fan et al. 2012).

The spectrum of SSH-AM (Fig. 1) shows a peak at
3335 cm™! (bending of N-H bond) within a wide range of
O-H vibrations (3000-3600 cm™"). The peak at 800 cm™!
indicates N—H stretching out of plane. Peaks of the N-H
bond may indicate that amine groups were present and
the amination process did proceed. The SSH-AM spec-
trum is also characterized by the shift of peaks from 1040
to 1034 cm™, 1060 to 1056 cm™" and 1424 to 1428 cm™.
Similar shifts of peaks were also observed in spectra of ami-
nated pumpkin seeds (Subbaiah and Kim 2016).

Effect of pH on dye sorption effectiveness

Sorption effectiveness of anionic dyes onto SSH was the
highest at pH 2, and at the initial pH values of pH 2-5 was
decreasing along with pH increase (Fig. 2). At pH 5-9, the
sorption effectiveness maintained at a similar, low level.
In the case of reactive dyes (RB5/RY84), an insignificant
increase was observed in their sorption effectiveness on SSH
at pH 11 (Fig. 2a, b), whereas in the case of acidic dyes
(AY23/AR18) the effectiveness of their sorption on SSH
was the lowest at this pH (Fig. 2c, d).

The effectiveness of dye sorption onto aminated sun-
flower seed hulls (SSH-AM) at pH 3-11 decreased along
with pH increase and reached the highest value at pH 3 and
the lowest one at pH 11 (Fig. 2). In the case of the reactive
dyes, sorption effectiveness decrease along with pH increase
was not uniform in the entire analyzed range of pH values.
The decrease in sorption effectiveness of the reactive dyes
on SSH-AM at pH 5-9 was relatively small compared to
the acidic dyes.

The high effectiveness of anionic dyes removal on SSH
at pH 2 was, probably, due to the change in sorbent surface
character at low pH. Presumably, at pH 2 the concentration
of H;0" ions was high enough to induce protonation of the
functional hydroxyl groups of polysaccharides present in
hull structure. The positively charged surface of SSH was
electrostatically attracting dyes having a negative charge in
the solution. While at higher pH, the number of protonated
hydroxyl groups of SSH was significantly lower, which was
reflected in a low intensity of anionic dyes sorption.

The ammonization process resulted in the amination of
polysaccharides (e.g., cellulose/hemicellulose) occurring in
sunflower seed hulls. The SSH-AM enriched in functional
amine groups showed a significantly higher affinity to dyes
than SSH did. At pH <7, the -NH, groups of the ami-
nated polysaccharides were easily undergoing protonation

a
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Fig.2 Effect of pH on dye B
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(-NH, + H;0" — -NH;" + H,0). The positively charged
functional groups were electrostatically attracting the ani-
onic forms of dyes, which significantly enhanced their sorp-
tion. The number of protonated functional groups of SSH-
AM was increasing along with pH decrease, which explains
the highest effectiveness of anionic dyes removal at low pH
(Fig. 2). The lower dye sorption effectiveness at pH 2 com-
pared to pH 3 may result from high competition of dyes
with chlorides for the amine sorption centers (Sakkayawong
et al. 2005).

At high pH, both SSH and SSH-AM gained the negative
charge. Sorption of anionic dyes was, therefore, inhibited
by electrostatic repulsion from the negatively charged SSH/
SSH-AM surface. The very low dye sorption effectiveness
at high pH may also result from the competition of dyes
with OH- ions for free sorption centers of SSH/SSH-AM.
It was especially tangible in the case of acidic dyes sorption
on the tested sorbents (Fig. 2¢, d). The small increase in the
effectiveness of reactive dyes removal on SSH, noted at pH
11 (Fig. 2a, b), may be due to the chemisorption of reactive
dyes as a result of condensation with SSH polysaccharides
(Sakkayawong et al. 2005).
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The small increase in RB5 sorption effectiveness
observed at pH 9 on both SSH and SSH-AM (Fig. 2a)
was, probably, due to the presence of the amine group in
dye structure. Presumably, at pH 9 the surface of sorbents
attained the total negative charge, while the amine group of
RBS5 still possessed the local positive charge (-NH;"), which
could aid dye sorption only to a little extent. At higher pH,
the functional amine group of dye lost its positive charge,
which resulted in a significant decrease in RBS5 sorption
effectiveness.

Decreasing effectiveness of anionic dyes sorption along
with pH increase was also observed in studies addressing
sorption with the use of cotton stems (Tung et al. 2009),
maize silage (Filipkowska et al. 2013), chitosan materials
(Jozwiak et al. 2016, 2017a) and compost (J6zwiak et al.
2013).

The tested sorbents changed the pH value of dye solu-
tion in which sorption proceeded (Fig. 3). At the initial pH
4-9, the final pH accounted for pH 7.0-7.6 during sorption
onto SSH, and for 7.2-7.9 during sorption onto SSH-AM.
The changes in pH values of the solutions resulted from
system tending to reach pH close to the sorbent-specific
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Fig.3 pH values after dye sorp- A 12
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pHp, value (PZC—point of zero charge). The pHpy
value determined for SSH was 7.65, and that determined
for SSH-AM was 7.87 (Fig. 3e).

The higher pHp, value determined for SSH-AM results
from the effect of the amine groups attached to the sorbent
on its base character. This is a direct proof of the amina-
tion of polysaccharides present in sunflower seed hulls.

For SSH, the best pH out of all tested pH values of ani-
onic dyes sorption turned out to be pH 2, while for SSH-
AM—pH 3. Considering that pH of colored industrial
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wastewater is rarely below pH 3, further analyses (sorption
kinetics and capacity) were conducted at pH 3.

Analyses of sorption kinetics
Sorption equilibrium time
Regardless of their initial concentration, the sorption equi-

librium time on SSH reached 90 min for all tested dyes
(Table 2). A similar time of reaching equilibrium was also

@ Springer
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Table2 Times needed to reach dye sorption equilibrium on the tested sorbents together with g, and g/g, values for sorption times of

5/10/20/30 min

Sorbent - RB5 RY84 AY23 AR18

SSH Dye concentration (mg/L) 10 50 250 10 50 250 10 50 250 10 50 250
Equilibrium time (min) 90 90 90 90 90 90 90 90 90 90 90 90
q. (mg/g) 044  0.98 2.01 049 092 245 020 0.61 1.41 020 0.53 1.26
qlq. (%), t=5 min 46 48 49 48 52 59 40 41 46 48 47 49
q/q. (%), t=10 min 67 68 70 68 71 80 59 62 73 61 64 68
q/q. (%), t=20 min 80 81 84 78 81 92 75 76 85 74 71 81
q/q. (%), t=30 min 86 87 91 86 87 96 80 82 90 80 87 90

SSH-AM  Dye concentration (mg/L) 50 250 500 50 250 500 50 250 500 50 250 500
Equilibrium time (min) 240 240 240 240 240 240 240 240 240 240 240 240
q. (mg/g) 987 4486 52,66 9.06 39.70 53.02 991 4028 48.17 993 3997 46.14
qlg. (%), t=5 min 79 39 38 67 41 40 48 38 37 67 45 44
qlg, (%), t=10 min 86 52 51 76 52 51 61 51 49 75 55 54
qlg, (%), t=20 min 90 65 64 83 66 61 71 62 58 82 66 64
q/q. (%), t=30 min 92 71 68 88 75 68 79 71 66 85 72 70

noted in analyses of dye sorption on Parthenium hystero-
phorus biomass (90 min) (Lata et al. 2007) and orange skin
(80 min) (Sivaraj et al. 2001).

The effectiveness of anionic dyes sorption on SSH was
the most intensive in the first stage of the process. Already
within the first 20 min, the quantity of RB sorbed on SSH
ranged from 80 to 84% and that of RY84 from 78 to 92% of
the quantity of dye bound after the equilibrium time (g,). In
the case of the acidic dyes, the quantity of dye removed on
SSH within the first 30 min was 75-85% and 74-81% of the
q. value for AY23 and ARI18, respectively (Table 2).

In the case of SSH-AM, the time needed to reach sorption
equilibrium was 240 min irrespective of dye type and con-
centration (Table 2). A similar sorption equilibrium time was
achieved for carbonized date stones (180 min) (Belhamdi
et al. 2016) and carbonized sawdust (180 min) (Malik 2003).

Likewise on SSH, dyes sorption on SSH-AM was the
most intensive in the first minutes of the process. Within
the first 20 min of the sorption process, the quantity of RB5
and RY84 bound on SSH-AM ranged from 61 to 90% of the
g, value. In the case of acidic dyes, after 20 min sorption on
SSH-AMM, the quantity of sorbed AY23 ranged from 58 to
71% of g, and that of AR18 from 64 to 82% of ¢, (Table 2).

The time needed to reach the equilibrium of dyes sorption
on SSH-AM was significantly longer than on SSH, which
probably results from different structures of the tested sor-
bents. Presumably, polysaccharides present in sunflower
seed hulls (cellulose, hemicellulose) were enriched in amine
groups during amination. The —-NH, groups attached to the
polysaccharides and present on the surface of SSH-AM
were protonated at low pH. The positively charged chains
of polysaccharides started to electrostatically repulse from
each other, thereby loosening sorbent structure and by this
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means enlarging the surface and access to sorption centers
located in deeper layers of the sorbent. During dyes sorp-
tion on SSH-AM, after filling up sorption centers on sorb-
ent surface, the dyes penetrated the loosened polysaccharide
structure of the sorbent and could bind with the active sites
in its deeper layers.

Due to the high molecular weight of dyes, they penetrate
underneath sorbent surface relatively slow. For this reason,
the time needed to reach dye sorption equilibrium on SSH-
AM was considerably longer than on SSH. It may be specu-
lated that owing to the compact structure of SSH, the dyes
could not penetrate into the sorption centers in its deeper lay-
ers and their sorption terminated once they filled the active
centers on sorbent surface. For this reason, dyes sorption
equilibrium time on SSH was relatively short.

Determination of the pseudo-order of sorption reaction

Results obtained in the study were described using the
pseudo-first-order and pseudo-second-order models (Fig. 4).
In each case, better fit of experimental data was achieved
with the pseudo-second-order model (Table 3).

The values of the reaction rate constant k, determined
from this model depended mainly on sorbent type, but also
on the initial concentration of dye. The k, values obtained
for SSH were significantly higher than these calculated for
SSH-AM. In each case, the value of k, constant decreased
and that of Qe increased along with the increasing dye con-
centration (Table 3). This is indicative of the typically ionic
interaction between the dye and the sorbent. A similar ten-
dency was observed in analyses conducted on carbonized
coconut shells (Tan et al. 2008), and on “rattan” type saw-
dust (Hameed et al. 2007).
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The intensity of anionic dyes sorption on SSH-AM was
significantly higher than on SSH (Fig. 4). This may be due
to the functional amine groups of SSH-AM which exhibit
a substantially higher affinity to dyes compared to hydroxyl
groups and constitute the main sorption center of anionic
dyes (Annadurai et al. 2008).

Besides direct interactions with dyes, the -NH, group
capable of protonation could also affect sorbent structure.

In the base environment, the amine chains of polysaccha-
rides of sunflower seed hulls gained the positive charge,
which presumably caused their repulsion from each other
and increased the distance between them. The loosening of
sorbent structure probably contributed to the enlargement
of its specific surface and increased accessibility to sorption
centers. This would explain the differences between sorption
properties of SSH and SSH-AM.

* @ Springer
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Table 3 Kinetic parameters of dyes sorption on SSH and SSH-AM determined from the pseudo-first-order and pseudo-second-order models

Dye type Sorbent type Dye concentra-  Pseudo-first-order model Pseudo-second-order model Exp. data
tion (mg/L) > >
ky ., cal R ky q,, cal R qes EXP
(1/min) (mg/g) - (g/mg*min) (mg/g) - (mg/g)
RB5 SSH 10 0.1143 0.425 0.9853 0.3597 0.464 0.9989 0.443
50 0.1141 0.952 0.9821 0.1627 1.038 0.9985 0.985
250 0.1242 1.964 0.9908 0.0894 2.125 0.9977 2.009
SSH-AM 50 0.3399 9.317 0.9884 0.0832 9.616 0.9976 9.874
250 0.0654 41.786 0.9462 0.0021 45.650 0.9915 44.861
500 0.0653 48.044 0.9341 0.0018 52.558 0.9890 52.655
RY84 SSH 10 0.1209 0.464 0.9747 0.3498 0.506 0.9977 0.493
50 0.1380 0.870 0.9757 0.2193 0.941 0.9976 0.921
250 0.1769 2.396 0.9957 0.1208 2.537 0.9970 2.449
SSH-AM 50 0.1983 8.641 0.9625 0.0377 9.069 0.9941 9.062
250 0.0665 37.765 0.9636 0.0024 41.135 0.9963 39.702
500 0.0638 47.759 0.9091 0.0018 52.414 0.9743 53.022
AY23 SSH 10 0.0850 0.193 0.9763 0.5582 0.213 0.9979 0.201
50 0.0996 0.567 0.9789 0.2223 0.626 0.9987 0.607
250 0.1283 1.365 0.9919 0.1307 1.478 0.9945 1.412
SSH-AM 50 0.1116 8.869 0.9512 0.0162 9.739 0.9915 9.906
250 0.0586 37.850 0.9465 0.0021 41.430 0.9902 40.283
500 0.0540 43.772 0.9154 0.0016 48.164 0.9779 48.171
ARI18 SSH 10 0.0959 0.189 0.9537 0.6693 0.207 0.9905 0.198
50 0.1037 0.517 0.9808 0.2709 0.565 0.9976 0.532
250 0.1188 1.224 0.9873 0.1361 1.327 0.9981 1.263
SSH-AM 50 0.2045 9.294 0.9539 0.0384 9.643 0.9915 9.931
250 0.0764 36.581 0.9274 0.0028 39.847 0.9844 39.967
500 0.0779 41.073 0.8980 0.0025 44.927 0.9692 46.138

Determination of the duration of particular stages
of sorption process

The intramolecular diffusion model fitted to experimental
data indicates that sorption of dyes on SSH and SSH-AM
proceeded in two main stages (Table 4).

At the first stage, the dyes bound with easily accessible
sorption centers are located on sorbent surface. This stage
was relatively short and highly intensive. In the second
stage, dyes have diffused through the pores to the active
centers located in the deeper sorbent layers. Difficulties in
the penetration of dyes through the porous structure of sorb-
ent, as well high accumulation of dyes on sorbent surface
and interactions between dyes resulted in a relatively long
time of the second stage of sorption and its lesser intensity.

In the case of SSH-AM, the sorption process still con-
tinued after stage 2 until reaction equilibrium has been
reached; however, its intensity was very low. Presumably,
in this period a few molecules of dyes were attaching to
the last free sorption centers of SSH-AM located in earlier
unavailable regions of the sorbent. Due to a small quantity
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of dye sorbed in this time (< 1% ¢,), and to the very poor
fit of data to the intramolecular diffusion model (R*><0.6),
this period was not classified as a significant stage of the
sorption reaction. For this reason, this period is not con-
sidered in Table 4.

Regardless of the type and initial concentration of dye
(10-250 mg/L), the first stage of anionic dyes sorption on
SSH lasted 10 min, while the second one—80 min (Table 4).
In the case of SSH-AM, the first stage of sorption depended
on the initial concentration of dye. At the initial dye concen-
tration of 50 mg/L, the first stage ended after 5 min, while
at higher concentrations (250/500 mg/L) after 10 min. The
likely reason of the shorter first stage at the initial dye con-
centration of 50 mg/L was a very high ratio of easily avail-
able sorption centers on sorbent surface to sorbate molecules
in the solution.

The ammonization process contributed to the elongation
of the second stage of sorption as a result of changes in
sorbent structure. The reason behind the longer duration of
dyes sorption on SSH-AM was described in point “Sorption
equilibrium time”.
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Table 4 Dye diffusiop Dye  Sorbent Dye conc. First stage of sorption Second stage of sorption
rate constants determined
from a simplified model of kg Duration R? kp Duration R’
intramolecular diffusion
mg/L (mg/(g*min®%)) (min) - (mg/(g*min®)) (min) -
RB5 SSH 10 0.0930 ~10 0.9997 0.0196 ~80 0.9996
50 0.2104 ~10 0.9999 0.0534 ~80 0.9743
250 0.4443 ~10 0.9999 0.0903 ~80 0.9407
SSH-AM 50 3.4887 ~5 0.9999 0.1347 ~115 0.9502
250 7.4707 ~10 0.9994 2.0842 ~110 0.9689
500 8.5664 ~10 0.9947 2.2313 ~110 0.9441
RY84 SSH 10 0.1059 ~10 0.9999 0.0222 ~80 0.8861
50 0.2080 ~10 0.9993 0.0326 ~80 0.9326
250 0.6262 ~10 0.9989 0.0417 ~80 0.8257
SSH-AM 50 2.7062 ~5 0.9999 0.3144 ~115 0.9510
250 6.6134 ~10 0.9994 1.5801 ~110 0.9546
500 8.7637 ~10 0.9952 2.3259 ~110 0.9812
AY23 SSH 10 0.0373 ~10 0.9994 0.0134 ~80 0.9924
50 0.1181 ~10 0.9972  0.0290 ~80 0.9748
250 0.3195 ~10 0.9941 0.0528 ~80 0.9366
SSH-AM 50 1.9394 ~10 0.9928 0.3038 ~110 0.9911
250 6.4884 ~10 0.9994 1.8575 ~110 0.9800
500 7.5603 ~10 0.9978 2.1909 ~110 0.9903
AR18 SSH 10 0.0389 ~10 0.9923 0.0136 ~80 0.9962
50 0.1088 ~10 0.9997 0.0332 ~80 0.9596
250 0.2713 ~10 0.9995 0.0635 ~80 0.9039
SSH-AM 50 2.9712 ~5 0.9999 0.2354 ~115 0.9485
250 7.0656 ~10 0.9939 1.6455 ~110 0.9631
500 8.1362 ~10 0.9905 1.8952 ~110 0.9918

The k;; and k,, constants determined for the tested sor-

bents from the intramolecular diffusion model indicate

higher intensity of stages 1 and 2 of sorption on SSH-AM
than on SSH (Table 4). This results from higher affinity
of the dyes to amine than to hydroxyl groups and also,
presumably, from a greater active surface of SSH-AM

compared to SSH.

Sorption capacity

model (Table 5).

Experimental data obtained in the study were described with
the use of two popular sorption isotherms (Langmuir iso-
therm and Freundlich isotherm). In each case, the greatest
fit of experimental data was achieved with the Langmuir

Table 5 Constants determined

. ) Sorbent Dye Langmuir (constants) Freundlich (constants)
from Langmuir and Freundlich
models inax K, R? k n R
(mg/g) (L/mg) - - - -
SSH RB5 2.89 0.0116 0.9720 0.2425 0.3888 0.9654
RY84 4.15 0.0067 0.9723 0.1829 0.4718 0.9517
AY23 2.26 0.0071 0.9838 0.1032 0.4699 0.9780
ARIS 1.77 0.0089 0.9930 0.1056 0.4353 0.9629
SSH-AM RB5 51.02 0.3740 0.9817 17.1397 0.2310 0.8219
RY84 63.27 0.0296 0.9958 6.4758 0.4112 0.9119
AY23 44.78 0.2468 0.9576 13.9969 0.2451 0.9218
ARI8 42.19 0.4809 0.9662 14.8656 0.2258 0.8975
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Table 6 Sorption capacities of selected sorbents produced from waste materials and of sorbents based on activated carbons against RB5, RY 84,

AY23 and AR18 dyes

Dye Sorbent Sorption capacity Sorpt. time  pH Source
(¢max) (Mg/g) (min)

RB5 Activated carbon modified with surfactant 69.9 <60 2 Nabil et al. (2014)
Powdered activated carbon 58.8 - - Eren and Acar (2006)
Aminated sunflower seed hulls (SSH-AM) 51.0 240 3 Own study
Cotton stems (plant waste) 35.7 360 1 Tung et al. (2009)
Activated carbon from wood (nut tree) 19.3 400 5 Heibati et al. (2014)
Wheat straw 15.7 195 7 Yousefi et al. (2011)
Cotton seed hulls 12.9 30 2 Ucar and Armagan (2012)
Compost 4.8 120 3 Jozwiak et al. (2013)
Sunflower seed hulls (SSH) 2.9 90 3 Own study
Sunflower seed hulls 1.1 210 2 Osma et al. (2007)

RY84 Aminated sunflower seed hulls (SSH-AM) 63.3 240 3 Own study
Wool 11.0 180 7 Sahin (2005)
Sunflower seed hulls (SSH) 4.2 90 3 Own study
Compost 2.2 180 3 Jozwiak et al. (2013)

AY23 Aminated sunflower seed hulls (SSH-AM) 44.8 240 3 Own study
Chitin 24.2 120 2 Filipkowska et al. (2015)
Sawdust 4.7 70 3 Banerjee and Chattopadhyaya (2017)
Sunflower seed hulls (SSH) 2.3 90 3 Own study
Coconut shell activated carbon 2.3 60 1.7 Jibril et al. (2013)
Commercial activated carbon 4.5 60 1.7 Jibril et al. (2013)

ARI18 Activated carbon WG-12 100.0 - - Okoniewska (2016)
Aminated sunflower seed hulls (SSH-AM) 422 240 3 Own study
Sargassum glaucescens biomass 15.0 60 6 Zazouli and Moradi (2015)
Activated carbon from wood (polar tree) 3.9 120 7 Shokoohi et al. (2010)
Sunflower seed hulls (SSH) 1.8 90 3 Own study

The maximum sorption capacity of SSH against reactive
dyes reached: 2.89 mg RB5/g and 4.15 mg RY84/g, whereas
against acidic dyes—2.26 mg AY23/g and 1.77 mg AR18/g
(Table 5). In turn, the sorption capacity of SSH-AM against
reactive dyes RB5 and RY84 accounted for 51.02 mg/g
and 63.27 mg/g, respectively, and was higher by 1665%
and 1425% compared to that of SSH. In the case of acidic
dyes, the sorption capacity of SSH-AM reached 44.78 mg/g
(AY23) and 42.19 mg/g (AR18) and was higher by 1881%
and 2284%, respectively, compared to SSH (Table 5).

The SSH-AM sorbent was also characterized by signifi-
cantly higher values of K, constant compared to SSH, which
was indicative of a higher affinity of the aminated sorbent
to anionic dyes compared to the non-modified sorbent. High
values of K, are constant points to high sorption effective-
ness even at very low concentrations of the sorbate.

The higher sorption capacity and higher affinity to dyes
of the SSH-AM sorbent compared to SSH results from the
amination process of sunflower seed hulls. As mentioned
in point “Effect of pH on dye sorption effectiveness”, dur-
ing ammonization, the polysaccharides present in sunflower
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seed hulls underwent amination consisting in the attachment
of amine groups to their chemical structure. Capable of pro-
tonation amine groups of SSH-AM exhibited a significantly
higher affinity to anionic dyes than the hydroxyl groups of
SSH. The ammonization presumably resulted also in the
enlargement of surface sorbent and in the loosening of its
structure. The mechanism of loosening of a compact struc-
ture of a sunflower seed hull, resulting in greater availability
of sorption centers, was described in detail in point “Analy-
ses of sorption kinetics”.

The greater capability of the tested sorbents for the sorp-
tion of reactive than acidic dyes (Table 5) could result from
the capability of reactive dyes for chemisorption and from
their higher molecular weight.

Table 6 presents values of sorption capacity of exemplary
sorbents produced from waste materials from the agri-food
industry and also of sorbents based on activated carbons
against the tested dyes. After amination, the sunflower seed
hulls gained a higher sorption capacity compared to such
non-modified lignocellulosic sorbents as: straw, cotton seed
hulls, rape stems or sawdust (Table 6). The SSH-AM sorbent
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showed sorption properties against anionic dyes similar to
that of some sorbents based on activated carbons (Table 6).

Conclusion

Modification of SSH, consisting in their ammonization (pre-
ceded by activation using epichlorohydrin), contributes to
a significant increase in their sorption capacity against ani-
onic dyes. This is due to the amination of polysaccharides of
sunflower seed hull. The amine groups introduced into the
sorbent are sorption centers for anionic dyes. The SSH-AM
sorbent is capable of binding some dyes with the effective-
ness similar to that of activated carbons. Compared to SSH,
the SSH-AM is characterized also by a higher coefficient of
affinity to dyes (K,), which points to a higher effectiveness
of sorption on SSH-AM even at very low concentrations of
dyes.
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