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ABSTRACT

The aim of this study was to examine the possibility of using pumpkin (Cucurbita pepo) seed husks
as a low-cost sorbent to remove dyes popular in the textile industry, that is, anionic dyes: Reactive
Black 5 (RB5) and Reactive Yellow 84 (RY84), and cationic dyes: Basic Violet 10 (BV10) and Basic Red
46 (BR46). The sorbent was subjected to the Fourier-transform infrared spectroscopy (FTIR) analysis.
The scope of the research included also the determination of pH (pH 2-11) influence on the efficiency
of dye sorption, sorption kinetics (equilibrium time, pseudo-first-order model, pseudo-second-order
model, intramolecular diffusion model), and sorption capacity (Langmuir 1 and 2 models, Freundlich
model). The optimum pH range for RB5 and RY84 sorption on the tested sorbent was pH 2-3. In the
case of BV10, sorption was most effective at pH 3 and in the case of BR46 at pH 6. In each case, the best
fit to the experimental data was shown for the pseudo-second order model. The intramolecular diffu-
sion model showed the sorption of each dye to proceed in the three main stages, varying in intensity
and duration. Pumpkin seed husk sorption capacity of the anionic dyes was 0.96 mg g for RB5 and
1.08 mg g for RY84. In the case of cationic dyes, the sorption capacities of the tested sorbent were

many time higher and reached 96.01 mg g™ for BV10 and 163.39 mg g™ for BR46.
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1. Introduction

Approximately 1 million tons of dyes are produced
annually for the needs of the textile, tanning, paper, and
food industries. Depending on the type of materials to be
dyed and the dyeing technology used, from 10% to 50% of
the dye used in the process remain in the post-production
wastewater [1]. Dyes discharged to the aquatic environment
with untreated wastewater can cause a number of adverse
changes in the ecosystem. Even their low concentrations have
negative effects on the appearance of water reservoirs [2]. A
serious problem is posed by the fact that they restrict plants’
access to sunlight, which results in a diminished photosyn-
thesis efficiency. In addition, they suppress oxygen diffusion
in water, which - when coupled with poor photosynthesis -
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may lead to oxygen deficits in the water environment [3].
Noteworthy are also the toxic and even mutagenic effects of
some dyes and products of their partial decomposition on
the aquatic organisms. As a consequence, dyes may lead to
the reduction of biodiversity in natural water reservoirs and
even to the degradation of aquatic ecosystems [4].

Considering the perspective of environment degradation
by industrial dyes, it seems advisable to apply effective and
environmentally friendly methods for wastewater decolor-
ization. This process can be carried out with many methods,
such as: biodegradation, coagulation/electrocoagulation,
chemical oxidation or reverse osmosis. Sorption is believed
to be one of the most economical and most safe to the envi-
ronment method for color wastewater treatment.

Unlike precipitation methods, sorption does not increase
wastewater salinity [5]; and unlike biological methods or
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in-depth oxidation, it does not result in the formation of toxic
products of partial degradation of dyes [6]. The efficiency of
wastewater decolorization via sorption depends mainly on
the type of sorbent used, but also on the type of dyes and
pH value. The costs of sorption are limited practically to the
price of the sorbent. Commercial sorbents are quite expen-
sive, which has prompted the search for cheaper but equally
effective substitutes, which is why the popularity of uncon-
ventional sorbents is increasing. Today, the greatest hopes
are fostered by sorbents acquisition from waste materials
from the agri-food industry (plant biomass). Research on
the sorption of pigments on such waste sorbents as: cereal
biomass (wheat [7,8] and maize [9]), biomass of fruit plants
(stems of pineapple [10], peels of bananas [11]) or breadnut
peel [12], have already been reported. Sorptive abilities of
coconut shells were examined as well [13]. A literature over-
view shows that the sorption capacity of the biomass-based
sorbents is mainly due to the presence of cellulose, hemicel-
lulose, and lignin [14], therefore the search for new biosor-
bents should be limited to the materials with a high content
of polysaccharides and wood.

The high total content of polysaccharides and lignins
(>85%) is typical of pumpkin seed husks (PSH) [15]. Pumpkin
is a popular and widely available vegetable both in Europe
and North America [16]. For these reasons, PSH are a poten-
tially good raw material for the production of a sorbent effi-
cient in dye sorption. In this study, the sorptive capabilities
of Cucurbita pepo seed husks were tested against anionic
dyes (Reactive Black 5, Reactive Yellow 84) and cationic dyes
(Basic Violet 10, Basic Red 46) that are popular in the textile
industry.

2. Materials
2.1. Pumpkin (Cucurbita pepo) seed husks

The PSH used in the study were obtained from fruit of a
popular common pumpkin (Cucurbita pepo) variety Pepo pro-
duced by a Polish agricultural holding in the Oronsko com-
mune in the Mazowieckie voivodeship. The chemical compo-
sition of seed husks of C. pepo var. Pepo used in the research
is summarized in Table 1.

2.2. Dyes

Dyes used in the study were purchased from the
BORUTA-ZACHEM SA dyes production plant in Zgierz

Table 1
Chemical composition of seed husks of pumpkin (Cucurbita pepo
var. Pepo) [15]

Component Content in dry

matter [%]
Cellulose 39.9+35
Hemicellulose 175+1.0
Proteins 285+1.2
Proteins, phytosterols, unsaturated ~14.5

fatty acids and others

(Poland). The specification of anionic dyes: Reactive Black 5
(RB5) and Reactive Yellow 84 (RY84); and of cationic dyes:
Basic Violet 10 (BV10) and Basic Red 46 (BR46), provided by
the manufacturer are presented in Table 2.

3. Methods
3.1. Sorbent preparation

PSH were ground in a laboratory mill and sifted through
laboratory sieves with mesh diameters of 4 and 2 mm. The
fraction with a diameter of 2-4 mm (free from particles of
endosperm and flesh) was rinsed with distilled water and
dried (4 h at 105°C). After drying, PSH were stored in an air-
tight container.

3.2. Determination of the influence of solution pH on the
efficiency of dye sorption

PSH (PSH, 0.5 g, ) were weighed into Erlenmeyer flasks
(volume: 250 mL). Next, dye solutions (100 mL) with a con-
centration of 10 mg L~ and with pHs of 2-11 were poured into
the flasks and then the flasks were placed on a multi-station
laboratory shaker SK-71 (150 r.p.m.) with a vibration ampli-
tude of 3.0 cm (temp. 22°C). After 60 min of sorption, samples
of the solutions (10 mL) were collected from the conical flasks
to determine the concentration of the remaining dye.

3.3. Determination of the sorption equilibrium time

PSH (5.0 g, ) were weighed into a series of bea-
kers (volume: 1,000 mL). Next, dye solutions (1,000 mL,
10/50/100 mg L - for RB5/RY84, 10/50/100/500 mg L™ for
BV10/BR46) with the optimal pH (established in point 3.2)
were added to each beaker, after which the beakers were
placed on a multi-station magnetic stirrer M5-53M (150 rpm,
temp. 22°C). At defined intervals of time (after 0, 5, 10, 20, 30,
45, 60, 90, 120, 150, 180, and 240 min), samples of the solu-
tions (5 mL) were collected from the beakers to determine the
concentration of dye left in the solution.

3.4. Determination of the maximum sorption capacity of PSH

PSH (0.5 g, , ) were weighed into a series of conical flasks
(volume: 250 mL) and then dye solutions (100 mL) with the
optimal pH (established in point 3.2) and concentrations in
the range of 1-100 mg L™ (for RB5/RY84) or 1-500 mg L (for
RB5/RY84) were added to the flasks. Then, the flasks were
placed on a shaker (150 rpm) for the time needed to reach
the sorption equilibrium (point 3.3), (temp. 22°C). Once the
sorption reaction had been completed, a sample of the solu-
tion (10 mL) was collected from each flask to determine the
concentration of dye left in the solution.

3.5. Fourier-transform infrared spectroscopy analysis of sorbent

The Fourier-transform infrared spectroscopy (FTIR)
spectrum of PSH was achieved using the FT/IR-4700LE spec-
trometer (JASCO, Japan) with a single-reflection diamond
ATR element. Sample scanning range covered infrared with
a wavelength range of 4,000-600 cm™. The resolution of each
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Table 2
Specification of RB5, RY84, BV10, and BR46 dyes
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Reactive Black 5 - [RB5]

Reactive Yellow 84 - [RY84]
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spectrum was 1 cm™. The sample was measured 32 times and
the results were averaged.

3.6. Calculation methods

The amount of dye adsorbed on PSH was calculated from
Eq. (1):

(C,-C,)Vv

m

Q.= )

Studies on the dye sorption kinetics on PSH have been
described using the pseudo-first-order (2) and pseudo-sec-
ond-order (3) models, and also via the intramolecular diffu-
sion model (4) (determination of the amount and intensity of
sorption stages).

M _k (g -

- Kila.-a) @)
Aq 2

L - Kela-a) ®)
q=kat” @)

Langmuir 1 (Langmuir isotherm) (5), Langmuir 2
(“double” Langmuir isotherm), (6) and Freundlich model

(Freundlich isotherm) were used to determine the maximum
sorption capacity (7).
The Langmuir isotherm equation (Eq. (2)):

Tmax - K. -C

Q=TiK C

©)
The Langmuir double isotherm equation (Eq. (3)):

bkakC

6
Q.= 1+k-C 1+k -C (©)

The Freundlich isotherm equation (Eq. (4)):
Q=K-C" @)

where Q — mass of absorbed dye (mg g™, ); C, — initial
concentration of dye (mg L™); C, - concentration of dye
after adsorption (mg L™); V — volume of dye (L); m — sorbent
mass (PSH) (g, ); § — momentary quantity of dye sorbed
on PSH (mg g7, ); k, — adsorption rate constant in the
intramolecular diffusion model (mg g™ min™®%); f — time of
sorption (min); g, — equilibrium amount of dye absorbed on
PSH (mg g™, ); k, — sorption rate constant in the pseudo-
first-order model (min™); k, — sorption rate constant in the
pseudo-second order model (g mg™ min™); g — maximum
sorption volume in the Langmuir 1 equation (mg g™, )
K, - constant in the Langmuir 1 equation (L mg™); C -
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concentration of dye remaining in the solution (mg L7);
b, — maximum sorption volume of sorbent (active sites of type
I) (mgg™, . );b,—maximum sorption volume of sorbent (active
sites of type II) (mg g™, ); k; k, — constants in the Langmuir
2 equation (L mg™); K — adsorption equilibrium constant
in the Freundlich model; n — constant in the Freundlich
equation; R* — coefficient of determination — a measure of
data fit to the model; g, - experimental data — amount of
adsorbed dye (mg g™, ); g, — theoretical data resulting from
the model — the amount of absorbed dye (mg g™, ).

4. Results and discussion
4.1. FTIR analysis of PSH

The FTIR spectrum of PSH is shown in Fig. 1. The broad
absorption band in the 3,000-3,700 cm™ range shows the
stretching of the O-H phenolic group of cellulose/hemicel-
lulose and lignin. Peaks at 2,922 and 2,852 cm™ show the
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C-H stretching of the aliphatic compounds. Clear peaks at
1,740 and 1,600 cm™ indicate a C=O bond, typical of carbonyl
groups of lignin or hemicellulose. Peaks at 1,320; 1,232; 1,097
and 1,048 cm™ indicate the stretching of the C-O bond. A
very pronounced peak at 1,020 cm™ (stretching of C-O-C
bonds) indicates the presence of saccharide structures in the
material. The presence of glycosidic polysaccharide bonds is
indicated by peaks at 915 and 760 cm™.

4.2. Effect of solution pH on dyes sorption on PSH

In the initial pH range of 2-11, the sorption efficiency
of anionic dyes (RB5 and RY84) on PSH decreased along
with increasing initial pH of the solution. In the case of
both RB5 and RY84, the highest decolorization rate of the
solution was determined at the initial pH 2, and the lowest
one at pH 11. The greatest decrease in the binding efficiency
of RB5 and RY84 to PSH was noted in the pH range of 2-3
(Figs. 2a and b).

At low pH, hydroxyl functional groups of the
polysaccharides present in the PSH structure, such as
cellulose or hemicellulose, can be protonated according to
the reaction: R-CH,-OH + H,0" — R-CH,-OH; + H,O. The
protonated hydroxyl group may additionally separate from
the polysaccharide chain in the form of a water molecule
according to the reaction: R-CH,-OH; — R-CH; + H,O,
however this process takes place much slower than the
protonation of the hydroxyl group. In both cases, the
polysaccharides finally gain a positive charge. The number
of the displaced hydroxyl groups and the total positive
charge on the surface of the sorbent increase as solution pH
decreases. The positively charged hydroxyl groups present
in PSH attract electrostatically the molecules of anionic
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Fig. 2. Effect of solution pH on the efficiency of dye sorption on PSH. (a) RB5, (b) RY84, (c) BV10 and (d) BR46.
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dyes, which greatly support their sorption. The electrostatic
attraction force of dyes depends on the number of proton
functional groups, which explains the increase in the sorption
efficiency of RB5 and RY84 along with a decreasing pH
value. Hydroxyl functional hydrocarbon groups occurring
in the PSH structure are easily protonated at very low pH
(pH < 3). This explains the very large decrease in the sorption
efficiency of RB5 and RY84 in the pH range of 2-3, as well as
the low binding efficiency of RB5 and RY84 to PSH in the pH
range of 4-10. Deprotonation of hydroxyl functional groups
of polysaccharides is likely at very high pH values, owing
to which PSH can gain a negative charge. The negatively
charged surface of the sorbent can electrostatically repel
anionic dyes, which can additionally impede their sorption.
Therefore, the sorption of RB5 and RY84 on PSH was the least
effective at pH 11 (Figs. 2a and b). A similar effect of solution
pH on the sorption efficiency was noted in studies on the
sorption of anionic dyes on banana peel [17], rice bran [18],
and coconut shell [19].

The sorption efficiency of the cationic dye BV10 on PSH
was the highest at pH 3 and decreased with solution pH
increase from 3 to 11 (Fig. 2c). Despite the decrease in the
sorption efficiency along with an increasing initial pH, BV10
removal in the pH range of 5-11 sustained at a relatively high
level.

A characteristic feature of BV10 is its carboxylic func-
tional group (-COOH) capable of generating a local nega-
tive charge. The negatively charged carboxyl group of BV10
(-COO") interacted electrostatically with the positively
charged PSH surface at low pH (pH 2-4), which explains
the high sorption efficiency of the cationic dye at pH 3. At
pH <3, most of the BV10 carboxylic groups are in the undis-
sociated form (~COOH), while the majority of xanthene
groups are in the protonated form (pKa for BV10 = 3.1)
[20]. A low number of deprotonated carboxylic groups
(-COO) translates into a weaker interaction with the pos-
itively charged surface of the sorbent, which explains the
lower sorption of the dye at pH 2 compared to pH 3. A slight
decrease in the sorption efficiency of BV10 at pH 2 may also
result from dye competition with chloride ions (CI") for
PSH sorption centers. A similar effect of solution pH on the
efficiency of BV10 sorption was noted in studies with pine
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bark [21] and shrimp shells [22] used for the decolorization
of aqueous solutions.

The sorption of cationic dye BR46 on PSH was effective
over a wide range of pH values, that is, pH 3-8, however,
the highest binding efficiency was observed at pH 6 (Fig. 2d).
The high efficiency of sorption in a wide pH range is a phe-
nomenon typical of the sorption of alkaline dyes [23,24]. A
characteristic feature of BR46 solutions is their decolorization
at pH > 8, therefore the results of BR46 sorption on PSH at pH
9-11 have not been included in the graph (Fig. 2d).

At pH 2, the positively charged PSH surface as a result
of the displacement of the functional groups, repelled elec-
trostatically the particles of the cationic dye during sorption.
This explains the low efficiency of BR46 binding to PSH at
pH < 3. Similar results were obtained in the research concern-
ing BR46 sorption on charcoal originating from the milk vetch
[25], pine leaves [26], and charcoal from wild olive wood [27].

PSH influenced the pH change of the solutions during
sorption (Fig. 3). Systems with dye solutions sought to
achieve a pH close to the pH,,. value of the sorbent, which
is a typical phenomenon during sorption under static con-
ditions. The experimentally determined zero charge point
value for PSH was pH,,,. ~ 8.00 (Fig. 3).

Due to the fact that the process of fabrics dyeing with
anionic dyes usually takes place at pH 3.5-7.0 [17], the pH
of color wastewater seldom reaches values below pH 3.
Therefore, although the sorption of RB5 and RY84 was the
most efficient at pH 2, further experiments on the sorption
of anionic dyes were carried out at the initial pH of 3. In the
case of the cationic dyes, the optimal pH of sorption (pH 3
for BV10 and pH 6 for BR46) was used in the next stages of
analyses.

4.3. Kinetics of dyes sorption on PSH

The time needed to reach sorption equilibrium for RB5
and RY84 dyes on PSH was independent of the initial dye
concentration and ranged from 150 to 180 min (Figs. 4a and
b). A similar time of reaching sorption equilibrium was also
obtained in studies addressing RB5 sorption on wheat straw
(195 min) [28], shells of sunflower seeds (210 min) [29], and
commercial activated carbon (180 min) [30].
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Time required achieving the sorption equilibrium for the
cationic dye BV10 was similar to that of anionic dyes RB5
and RY84 and reached 180 min irrespective of the initial
dye concentration (Fig. 4c). A similar observation was made
for the sorption of cationic dyes on oak acorns [31] or sugar
cane [32].

The sorption equilibrium time for BR46 was dependent
on initial dye concentration of the dye and reached 60, 90,
90, and 180 min at dye concentrations of 10, 50, 100, and
500 mg L, respectively. The shorter sorption time of BR46
on PSH at its lower initial concentrations resulted from the
rapid depletion of available dye molecules, which prevented
their further sorption (Fig. 4d). In the system enabling the
complete saturation of PSH sorption centers (500 mg RB46/L
concentration), the equilibrium time of sorption was similar
to that of other dyes (180 min).

Regardless of the chemical character and initial concen-
tration of the dye, the kinetics of its sorption on PSH was best
described by the pseudo-second-order model (Table 3). The
sorption capacities calculated from this model (g, .,) increased
for each dye as their initial concentration increased, which in
the systems ensuring saturation of sorption centers (number
of dye molecules > number of free active sites) may indicate
a relatively low affinity of the sorbate for the sorbent. In each
experimental series, the value of the reaction rate constant k,
decreased with the increase of the initial dye concentration,
which is typical of the sorption of dyes on activated carbon
from biomass [33,34].

The model of intramolecular diffusion adapted to the
experimental data indicated that the sorption of the tested
dyes on PSH took place in three main stages (Table 4). At
the first stage, the shortest but the most intense one, diffu-
sion of dye molecules from the solution to the surface of the
sorbent occurred and most of the available sorption centers

(a) 1.00 w—_‘:‘:‘
0.80
o 060
C p40
10 mg/L
0.20 —e—50 mg/L
e
0.00 100 mgfL
] 50 100 1850 200 250
Tirme [min]
IE 1.00
10 mg/L
0.80 —a— 50 mg/L
—e— 100 mg/L
o 0.60 —8— 500 mg/L
o
O p4o
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were occupied. Despite its short duration, the amount of dye
bound at this stage ranged from 41% to 66% of the g, value
(the amount of dye bound after the equilibrium time). At
the second stage, easily accessible sites on the PSH surface
were exhausted and competition between dye molecules was
growing, which resulted in sorption process slowdown and
its efficiency decrease. At the third, the longest and the least
intensive stage, the last free sorption centers were probably
located in deeper, harder to reach layers of the sorbent.

Regardless of dye type and initial concentration, the first
stage lasted 10 min. However, the initial concentration of dye
had a great impact on the duration of the second stage, which
shortened as dye concentration increased. It was related to
the increasing rate of the saturation of sorption centers and a
faster transition of the process to the last stage. This tendency
was not observed for BR46 dye due to the binding of most dye
molecules already at the first sorption stage (10-100 mg L™
concentration). Intermolecular diffusion rate constants (k,,
k,, k) indicate that in each of the three stages, the intensity of
the process increased with the initial concentration of the dye
in the solution. This can be explained by the higher probabil-
ity of dye molecules colliding with sorption centers at their
higher concentration in the solution.

The sorption of anionic dyes RB5 and RY84 on PSH was
significantly less efficient than the sorption of cationic dyes
(BV10 and BR46) (Tables 3 and 4). This could probably be
due to a very small amount of base functional groups on
PSH surface (easily protonated with pH < pH,,.), being
the main sorption centers for anionic dyes. Because of the
high content of cellulose and hemicellulose in PSH, most
of the groups on its surface were the hydroxyl groups. At
pH 3 which was used in the experiment, only a few of these
groups were protonated (-OH + H,O* — -OH; + H,O), which
resulted in poor electrostatic interaction with dye anions.

(b) |1-00 Wepee—90—9 o o
0.80
o 0.60
© 0.40
10 mg/L
0.20 —e— 50 mg/L
0,00 —e— 100 mgiL
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Fig. 4. Changes in dye concentrations during sorption on PSH. (a) RB5, (b) RY84, (c) BV10 and (d) BR46
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Table 3

403

Kinetic parameters of dye sorption on PSH from the pseudo-first and pseudo-second-order models

Dye Concentration of Pseudo-first-order model Pseudo-second-order model Exper. data

dye(mg L Do K, R T K, R Ty

(mg g™) (min”) - (mg g™) (gmg” min™) - (mg g™)

RB5 10 0.36 0.051 0.9933 0.40 0.168 0.9955 0.37

50 0.65 0.076 0.9878 0.69 0.162 0.9973 0.65

100 0.73 0.105 0.9885 0.78 0.157 0.9972 0.75
RY84 10 0.38 0.057 0.9846 0.41 0.197 0.9950 0.38

50 0.67 0.080 0.9826 0.73 0.164 0.9964 0.69

100 0.80 0.105 0.9912 0.86 0.192 0.9962 0.82
BV10 10 1.69 0.057 0.9760 1.87 0.043 0.9986 1.77

50 7.82 0.047 0.9665 8.73 0.007 0.9926 8.13

100 14.83 0.041 0.9739 16.79 0.003 0.9952 15.39

500 55.53 0.043 0.9517 62.41 0.001 0.9860 59.03
BR46 10 1.94 0.115 0.9987 2.06 0.090 0.9987 1.95

50 9.52 0.092 0.9941 10.25 0.014 0.9936 9.62

100 18.66 0.087 0.9934 20.16 0.007 0.9952 18.96

500 84.08 0.051 0.9071 92.92 0.001 0.9663 91.08

Table 4

Constant rates of intramolecular diffusion of dyes determined from a simplified model of intramolecular diffusion. Units: k_, k

k,=(mg gl min%)

dar a2

Dye  Conc. of dye First stage of sorption Second stage of sorption sorption  Third stage of sorption sorption
(mg L) k, Time (min) ~ R? k, Time (min) R k,  Time(min) R’
RB5 10 0.047  ~10 0.9817 0.030  ~80 0.8964 0.004  ~90 0.8903
50 0.114  ~10 0.9977  0.056  ~50 0.9654 0.005  ~90 0.7708
100 0.156  ~10 09971  0.059  ~35 0.9753 0.007  ~105 0.9336
RY84 10 0.058  ~10 0.9999 0.031  ~80 0.9343 0.002  ~60 0.9808
50 0125  ~10 0.9995 0.071  ~35 0.9943 0.008  ~150 0.9741
100 0.164  ~10 0.9998 0.098  ~20 0.9963 0.009  ~150 0.8690
BV10 10 0266  ~10 0.9996 0.126  ~80 0.9750 0.031  ~90 0.9784
50 1.143  ~10 0.9986 0.631  ~80 0.9389 0.135  ~90 0.9004
100 2013 ~10 09826 1299  ~50 0.9807 0522 ~120 0.9223
500 8214  ~10 09995 5275  ~35 0.9877 2250  ~135 0.9922
BR46 10 0415  ~10 0.9982 0226  ~20 0.9651 0.049 ~30 0.9679
50 1.800  ~10 0.9999 1281 ~20 0.9801 0234  ~60 0.8455
100 3484  ~10 0.9996 2420  ~20 0.9900 0.550  ~60 0.9021
500 16.621  ~10 0.9934 5639  ~80 0.9967 2.876  ~90 0.9712

The sorption of cationic dyes on PSH was effective, inter
alia, due to the high content of nitrogen in the dye molecules
and the possibility of generating a large number of hydrogen
bonds with hydroxyl groups of the sorbent. Because of to the
high content of nitrogen in the molecules, BR46 and BV10
could efficiently bind to PSH by creating hydrogen bridges
with hydroxyl groups of polysaccharides (-RN~HO-R). As a
result, sorption of BR46 and BV10 on PSH could be effective
even with a minimal effect of electrostatic interaction with
the sorbent’s surface.

4.4. Sorption capacity of PSH

Fig. 5 shows the experimental data described by Langmuir
1, Langmuir 2, and Freundlich sorption isotherms. For each
dye, Lamgmuir’s double isotherm showed the greatest fit to
the experimental data obtained (Table 5).

Better fit of the Langmuir 2 model to the experimen-
tal data in comparison with the Langmuir 1 model most
probably indicates the presence of at least 2 types of sorp-
tion centers. Polysaccharides present in PSH (cellulose,
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Fig. 5. Isotherms of the sorption of dyes: (a) RB5, (b) RY84, (c) BV10 and (d) BR46 on PSH. Langmuir 1, Langmuir 2, and Freundlich

isotherms.

Table 5

Constants determined from Langmuir 1, Langmuir 2 and Freundlich isotherms

Model (isotherm) Constants in sorption model RB5 RY84 BV10 BR46
g, (mgg, ) 0.82 0.90 85.07 121.71
Langmuir 1 K (Lg'.) 0.089 0.083 0.011 0.065
R2 0.983 0.974 0.992 0.992
G (Mg g7, ) 0.96 1.08 96.01 163.39
b, (mg g, ) 0.64 0.79 91.36 113.77
. b,(mgg™, ) 0.32 0.29 4.65 49.62
L 2 2 d.m.
angruit k, (Lmg") 0.026 0.024 0.008 0.070
k, (Lmg™) 0.354 0.538 0.306 0.002
R? 0.994 0.993 0.997 0.995
K(-) 0.155 0.164 11.525 2.967
Freundlich nLg.) 0.363 0.367 0.560 0.574
R? 0.968 0.977 0.970 0.992

hemicellulose) contain mainly hydroxyl groups. For this rea-
son, the various active sites of PSH are presumably only -OH
groups but having a different degree of affinity to the sorbate
(k /k,). Different degrees of hydroxyl group affinity to dyes
may result from different methods of their binding to the
dye (physical adsorption/chemisorption) or from different

location of -OH groups (easily accessible surface and deeper
sorbent layers are difficult to access).

The maximum sorption capacity of PSH against the
anionic dyes was low and amounted to 0.96 mg g™ for RB5
and to 1.08 mg g™' for RY84 (Table 5). Constants b,, b, k,, k,
determined from the Langmuir 2 model for RB5 and RY84
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Table 6
Summary of sorption capacities of various sorbents against dyes tested: RB5, RY84, BV10, and BR46 (literature data)

Dye (chemical Type of sorbent used Sorption capacity ~ pH of Time of sorption Sources

character of the dye) (mgg',.) sorption  (min)

RB5 (anionic) Pumpkin seed husks 1.0 3 60 This study
Sunflower seeds husks 1.1 3,5 120 [29]
Straw from wheat 15.7 7 205 [8]
Active carbon from nut wood 19.3 5 402 [37]

RY84 (anionic) Pumpkin seed husks 1.1 3 60 This study
Compost 2.2 3 180 [38]
Wool 7.0 11 180 [39]
Bone meal 57.2 6,6 120 [40]

BV10 (cationic) Orange peels 3.2 4 b.d. [35]
Banana peels 20.6 6 1440 [35]
Baker’s yeast 25.2 6.5 72 [41]
Active carbon from palm bark 30.00 3 b.d. [42]
Pumpkin seed husks 96.0 3 60 This study

BR46 (cationic) Sawdust fir 20.5 b.d. 120 [43]
Active carbon from biomass 65.7 7 90 [36]
Coconut shells 68.5 6 120 [13]
Pumpkin seed husks 163.4 6 60 This study

had similar values, which may indicate a similar sorption
mechanism. Presumably, the anionic dyes tested were not
able to attach to sorptive centers located in the deeper layers
of PSH due to their high molar mass and acidity. Presumably,
some of the dyes were combined with PSH hydroxyl groups
on the basis of electrostatic interaction (physical adsorption)
(b,, k), and some joined permanently with -OH groups on
the basis of chemisorption (b,, k,).

The PSH sorption capacity obtained for the cationic
dyes was much higher than for the anionic ones. The max-
imum sorption capacity of pumpkin seeds husks calculated
from the Langmuir 2 model was 96.01 mg g™ for BV10 and
163.39 mg g™ for BR46 (Table 3). Differences in the degree
of affinity of cationic dyes to the sorption centers (k, and
k,) probably arise from different locations of PSH hydroxyl
functional groups. As mentioned in section 4.3, the lower
sorption efficiency of the anionic dyes on PSH compared to
the cationic dyes was presumably due to the low suscepti-
bility of hydroxyl functional groups to protonation at pH 3,
which translated into weaker electrostatic interaction of RB5
and RY84 with PSH. The advantage of the tested cationic
dyes (BV10, BR46) over anionic dyes was also the possibility
of producing more hydrogen bonds with hydroxyl groups
of PSH, owing to which the dye could effectively bind to the
sorbent even at suboptimal pH.

Table 6 compares sorption capacities of various sorbents
(literature data) with that of PSH tested in this study against
RB5, RY84, BV10, and BR46 dyes. Unmodified lignocellu-
losic sorbents, such as seed husks or plant biomass, have a
low sorption capacity against anionic dyes (Table 6). For this
reason, they are not recommended as sorbents for the decol-
orization of wastewater containing acidic or reactive dyes.
However, PSH tested in our study shows very high efficiency
in relation to cationic dyes. With respect to the BV10 and

BR46 dyes tested, the PSH had a higher sorption capacity
than other unconventional lignocellulosic sorbents, such as
fruit peel [35] or coconut shells [13]. PSH had even a higher
sorption capacity against BR46 compared to the activated
carbon produced from plant biomass [36].

5. Conclusions

Properly prepared PSH can be an effective sorbent for cat-
ionic dyes. The efficiency of dye sorption on PSH depended
on the chemical character of the dye. Due to the low number
of base functional groups in the sorbent’s structure, the sorp-
tion efficiency of the anionic dyes (Q_ = 0.96 mg RB5 g7,
1.08 mg RY84 g™) was low compared to that of the cationic
dyes (Q,_, =96.01 mg BV10 g™, 163.39 mg BR46 g™). A signif-
icant advantage of BV10 and BR46 over RB5 and RY84 was
their potential to produce more hydrogen bonds with the
polysaccharides present in PSH (N~H).

The efficiency of dye sorption on PSH largely depended
on solution pH. The optimal pH range for the sorption of
anionic dyes on PSH was pH 2-3. The sorption of the BV10
cationic dye on PSH occurred most effectively at pH 3, while
the sorption efficiency of BR46 on the sorbent tested was the
highest at pH 6.

The time needed to reach dye sorption equilibrium on
PSH was similar to that of the other sorbents based on ligno-
cellulosic materials and ranged from 150 to 180 min regard-
less of the initial concentration of dye.

Dye sorption on PSH proceeded in three main stages,
varying in intensity and duration. The amount of dye bound
in stage 1, despite its short duration (~10 min), ranged from
41% to 66% of the g, value.

PSH have at least 2 types of active sites. The various
PSH active sites are presumably hydroxy groups having a
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different degree of affinity to the sorbate. It may result from
different location of the -OH groups (easily accessible sur-
face and harder deeper layers of the sorbent).
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