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Use of citrus fruit peels (grapefruit, mandarin, orange, and lemon) as sorbents
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Tomasz Jozwiak*, Urszula Filipkowska, Patryk Zajko

Department of Environmental Engineering, University of Warmia and Mazury in Olsztyn, ul. Warszawska 117a, 10-957 Olsztyn,
Poland, emails: tomasz.jozwiak@uwm.edu.pl (T. [6zwiak), urszula.filipkowska@uwm.edu.pl (U. Filipkowska), patryk655@op.pl (P. Zajko)

Received 4 February 2019; Accepted 22 May 2019

ABSTRACT

Sorptive properties of peels of citrus fruit (grapefruit, mandarin, orange, and lemon) were tested
against cationic dyes popular in the industry: BV10 and BR46, and the kinetics of colorant sorption
was determined. The experimental data obtained were matched to the pseudo-first/second-order
model and to the intramolecular diffusion model. The maximum sorption capacity of citrus fruit peel
(Langmuir, Langmuir 2, and Freundlich isotherm) was determined as well. The maximum sorption
capacity of BR46, amounting for Q = 57.04 mg/g, was exhibited by orange peel, whereas the best
sorbent for BV10 turned out to be lemon peel (Q =5.66 mg/g).
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1. Introduction

About 100,000 types of dyes are available on the mar-
ket and their annual production reaches about 1 million
tons [1]. Dyes may be divided in terms of the character of
a colored ion produced in an aqueous solution into: direct
(non-ionic) dyes, anionic (acid) dyes, and cationic (basic)
dyes. The highest dyeing effectiveness, providing a high
color intensity at a relatively low dose of the dye, is ensured
by cationic dyes. They are used most commonly in the tex-
tile industry for dyeing wool, rayon, and polyacrylonitrile
fibers, and also in the tanning and paper industries. Because
of the imperfections of the currently used material dyeing
technologies, about 5% of cationic dyes enter the post-
production wastewater [2,3].

Industrial wastewater containing cationic dyes is par-
ticularly troublesome. If, alkaline dyes get into the aquatic
environment, they cause noticeable changes in water color
even at a concentration as low as 1 mg/L (1 ppm). Dyes
contained in waters of natural reservoirs curb the access of
sunlight to aquatic plants, which inhibits their photosynthe-
sis [4]. A significant proportion of cationic dyes are toxic to
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aquatic organisms. Products of dyes decomposition, such
as aromatic amines, are harmful as well [5]. In the case of
the natural environment, it seems advisable to use sewage
decolorization technology, which is highly effective espe-
cially for cationic dyes.

Sewage decolorization methods can be divided into bio-
logical and physicochemical ones. The disadvantage of the
biological methods is the low effectiveness of dye biodeg-
radation caused, among others, by their complex chemical
structure. Another drawback is that a significant proportion
of cationic dyes act as inhibitors of bacterial growth [6].

The physicochemical methods of wastewater decol-
orization include coagulation, chemical oxidation, photo-
degradation, and membrane processes. Coagulation is a
fast process which does not require complicated installa-
tions. It is, however, ineffective with regard to the majority
of cationic dyes and contributes to both sewage salinity
increase and formation of large amounts of sludge. The
chemical oxidation of dyes, for example, by ozonation, is an
effective method of decolorization, but causes the formation
of toxic substances as a result of the incomplete oxidation of
dyes. In turn, the photodegradation of dyes via wastewater
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irradiation is effective only in the case of photosensitive dyes
and is currently losing its importance. Finally, membrane
processes, such as reverse osmosis, are among the most
effective methods of decolorization. Unfortunately, their
serious drawbacks include high costs of exploitation, high
water losses, and the formation of significant amounts of
dense wastewater.

Wastewater decolorization methods include also sorp-
tion which is widely recognized as one of the most
environmental-friendly methods used to remove dyes from
industrial wastewater. During sorption, no toxic intermedi-
ates of dye decomposition arise, as is the case with biological
methods and in-depth oxidation. In contrast to precipitation
methods, no sediments are formed during sorption and
sewage salinity does not increase. After completion of sorp-
tion, the sorbent can be easily separated from the solution.
Whereas, the sorbent saturated with a dye can then be
regenerated or used as a fuel in heat and power plants.
The effectiveness of sorption and its price depend mainly
on the type of sorbent used.

Today, activated carbon is the most commonly used sor-
bent for dye removal from industrial wastewater. Sorbents
based on activated carbons have the ability to bind each type
of dye with a satisfactory effectiveness. The disadvantage of
activated carbons, however, is their high price, which forces
a search for their cheaper alternatives.

For several years, there has been an increasing interest in
using waste from the agri-food industry for sewage decol-
orization. Investigations have been conducted on the use
of, among others, sugar cane biomass [7], banana peel [8],
rice husk [9], corn leaves [10-12], and mango leaves [13], as
sorbents for cationic dyes. The capability of biomass for the
sorption of basic dyes is also due to the high contents of lig-
nin and polysaccharides [14].

Due to the high content of polysaccharides (cellulose,
hemicellulose, and pectin), citrus peels may also exhibit a
high affinity to cationic dyes. Citrus fruits are grown in 141
countries around the world and their global production
reaches 100 million tons [15]. Wastes from citrus fruits pro-
cessing can account for 45%-50% of the fruit weight, most
of which are citrus peel (30%—45% of fruit weight) [16].
For this reason, peels of citrus fruits, which are waste prod-
ucts from the agri-food industry, are a widely available and
very cheap material. Potentially, they can prove valuable in
the production of biosorbents for sewage decolorization and
also represent an excellent alternative to the sorbents based
on activated carbons.

The study reported in this work explored the possibility
of using peelings of such citrus fruits as mandarin, orange,

Table 1

lemon, and grapefruit for the sorption of Basic Violet 10 and
Basic Red 46 cationic dyes popular in the textile industry.

2. Materials
2.1. Citrus peels

Peels of citrus fruits: sweet orange (Citrus sinensis) —
ORN, mandarin (Citrus reticulata) — MND, grapefruit (Citrus
paradisi) — GRP, and lemon (Citrus limon) — LMN, were used
in the study. All fruits were imported from Spain (harvest
period: November 2016) and were peeled “by hand”.

Standard contents of polysaccharides and lignins in the
dry matter of citrus skins are listed in Table 1 [17,18].

2.2. Dyes

The cationic dyes used in the study, which are Basic Violet
10 (BV10) and Basic Red 46 (BR46), were purchased from the
Dyes Factory “Boruta” SA in Zgierz. Their characteristics
provided by the manufacturer are summarized in Table 2.

2.3. Chemical reagents

The following chemical reagents were used for analy-
ses: 35%-38% hydrochloric acid (POCH S.A., Poland), 98%
sulfuric acid (H,S0,) (POCH S.A., Poland), and sodium
hydroxide microgranules (POCH S.A., Poland). Purity of all
reagents was at the level: pure for analysis or higher.

3. Methodology
3.1. Sorbent preparation

Peels of citrus fruits were washed, dried at a temperature
of 105°C, and then ground in a laboratory mill. After the
fragmentation, they were sifted through a laboratory sieve
with a mesh diameter of 3 mm. The <3 mm cuticle fraction
was then sieved through a sieve with a mesh diameter of
2 mm, which gave a fraction of 2-3 mm. The fraction with
a smaller particle diameter (<2 mm) was not used in the
study due to the long sedimentation of the sorbent and due
to the difficulties with separating the small particles from
the solution. The peels (2-3 mm) were immersed in 2 M
H_SO, for 24 h (to remove mineral residues). After 24 h, they
were washed with distilled water and then immersed in 2 M
NaOH for the next 24 h (to remove proteins). In the next step,
the rinds were rinsed with distilled water until the pH of
the leachate turned neutral. After draining, the peel sorbents
were ready for testing and stored in an airtight container

Percentage of polysaccharides, lignins and pectins in the dry matter of citrus fruit peels [17,18]

Component Orange Grapefruit Mandarin Lemon peel
peel (ORN) peel (GRP) peel (MND) (LMN)
Cellulose (%) 37.08 £3.10 26.57 £2.01 30.53 +2.35 23.06 +2.11
Hemicellulose (%) 11.04 £1.05 5.59+0.42 11.04 +£0.98 8.09+0.81
Lignin (%) 7.52+0.59 11.56 +0.98 13.54 £1.26 7.56 +0.54
Pectin (%) 23.02+2.12 8.53 +0.68 2.58+0.22 13.0£1.06
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Table 2
Characteristics of Basic Violet 10 and Basic Red 46 dyes

Name of the dye Basic Violet 10 (BV10) Basic Red 46 (BR46)
7 ol )
HyC. N o L CHy F LHa
W .ata
Chemical structure N 4N CHaCgHs
ol |
COOH L =
CHy Br
Formula C,H,,CIN,O, C,H,BrN,
Molar mass 479.0 g/mol 401.3 g/mol
A 547.5 (nm) 530.0 (nm)

Dye characteristics Alkaline (cationic)

Usage

For dyeing wool, paper, leather and for printing inks

Alkaline (cationic)
For dyeing synthetic fibers

at 4°C until used. The sorbent preparation procedure was
identical for each type of citrus peel.

3.2. Determination of the effect of solution pH on the effectiveness
of dye sorption

Citrus peels (1 g d.m.) were weighed into a series of
conical flasks (250 mL). Next, dye solutions (100 mL) with
concentrations of 100 mg BR46/L or 10 mg BV10/L and pH
2-11 (pH correction with HCI or NaOH) were added to the
flasks that were placed on a shaker (150 rpm). After 2 h of
the sorption process, samples of solutions (10 mL) were
taken from the flasks to determine the concentration of the
remaining dye in the solution. The pH value at which the
amount of the adsorbed dye was the highest was found to be
optimal. The pH value of the dye solution after sorption was
measured as well.

3.3. Determination of dye sorption kinetics

Citrus peels (5 g d.m.) were weighed into a series of bea-
kers (600 mL). Then, dye solutions (500 mL): 25/100/300 mg
BR46/L or 10/25/100 mg BV10/L with the optimal pH deter-
mined according to the method described in section 3.2,
were added to the beakers after which the beakers were
placed on a magnetic stirrer (150 rpm). At specific time
intervals (5, 10, 20, 30, 45, 60, 90, 120, 150, 180, 240, 300,
and 360 min), samples (5 mL) were taken from the solu-
tions to determine the concentration of dye remaining in
the solution.

Various concentrations of dyes used in the study result
from different sorption efficiencies of these dyes, which were
determined in preliminary studies. To enable the comparison
of sorption kinetics of BR46 and BV10, two of the three initial
concentrations: 25 and 100 mg/L, are common for both dyes.

3.4. Determination of the maximum sorption capacity

The sorbent (1 g d.m.) was weighed into conical flasks
(250 mL). Dye solutions with the optimal pH value (point 3.2)

and concentrations of 10-100 mg/L for BV10 and 10-500 mg/L
for BR46 were added to the flasks which were then placed
on a shaker (150 rpm) for the time specified in 4.2. After
completion of sorption, samples (10 mL) were taken from the
solutions to determine the concentration of dye remaining
in the solution.

3.5. Determination of dye concentration

The concentrations of dyes were determined by the
spectrophotometric method using a UV/VIS spectro-
photometer (UV-3100PC, VWR, China). Analyses were
carried out in a quartz cuvette (10 mm) at the wave-
lengths of: A = 548 nm for BV10 (calibration curve up
to 10 mg/L) and A __ = 554 nm for BR46 (calibration curve
up to 50 mg/L). At higher dye concentrations (outside the
calibration curve scale), the solutions were diluted with
distilled water.

3.6. Calculation methods

The amount of pigmented dye was calculated according to:

(Co—Cp)xV

m

Q= 1)

Q, — mass of the sorbed dye (mg/g d.m.); C, — initial dye
concentration (mg/L); C, — concentration of dye left in the
solution (mg/L); m — sorbent mass (g d.m.); V — volume of
the solution (L).

The kinetics of dyes sorption on the tested sorbents was
described using the pseudo-first (Eq. (2)) and pseudo-second
(Eq. (3)) models, and a simplified model of intraparticle
diffusion (Eq. (4)):

dg_, o

o~ kx(a.—a) )
dg_, o

o = kx(a.-a) 3)
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g — momentary quantity of the sorbed dye; g, — equilibrium
quantity of the sorbed dye (mg/g); t — sorption time (min);
k, — constant in pseudo-first-order equation (1/min); k, —
constant in pseudo-second-order equation (g/(mg*min)).
Phases of dyes sorption onto chitosan sorbents were
described with a simplified model of intraparticle diffusion

(Eq. (4)):

q, =k, xt" 4)
g, — momentary quantity of the sorbed dye (mg/g); k, - intra-
particle constant of diffusion rate (mg/g*min?); t — sorption
time (min).

Experimental data derived from analyses of the max-
imum sorption capacity were described by three popular
sorption isotherms:

Langmuir isotherm (Eq. (5)):

(Qmax X KC X CE)

Q= (1+K.xC,)

Q)

Q - equilibrium amount of the sorbed dye (mg/g d.m.);
Q... — maximum sorption capacity (Langmuir) (mg/g d.m.);
K. — constant in Langmuir equation (L/mg); C, — concentration
of dye remaining in the solution (mg/L).

Langmuir II isotherm (double Langmuir isotherm)

(Eq. (6)):

(b,xK,xC;) (b,xK,xC,)
Q= + (6)
(1+K,xC,)  (1+K,xC,)

Q - equilibrium amount of the sorbed dye (mg/g d.m.);
b, — maximum sorption capacity of sorbent (active sites of
type I) (mg/g d.m.); b, — maximum sorption capacity of sor-
bent (active sites of type II) (mg/g d.m.); K, and K, — constants
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in Langmuir equation (L/mg); C, — concentration of dye
remaining in the solution (mg/L).

Freundlich isotherm (Eq. (7)):
Q=KxCl" 7)
Q - equilibrium amount of the sorbed dye (mg/g d.m.);
K - equilibrium constant in the Freundlich model;

C — concentration of dye remaining in the solution (mg/L);
n — heterogeneity parameter.

4. Results and discussion
4.1. Influence of solution pH on the effectiveness of dye sorption

The effectiveness of BR46 sorption on citrus peels incre-
ased with an increase of the initial pH up to pH 6, but
decreased with a further increase in solution pH (Fig. 1a).
The observed trend was similar for each tested sorbent based
on citrus peels. As shown in the preliminary studies, BR46
is a dye susceptible to alkaline environment; its solution
becomes discolored at pH > 8. For this reason, the sorptive
effectiveness of BR46 at pH 9-11 is not included in Fig. 1a.

The highest effectiveness of BR46 sorption at pH 6 was
also confirmed in the research on the purification of colored
sewage using pine needles [19]. The high effectiveness of
BR46 sorption at a similar pH value (pH 7.0/7.5) has also been
confirmed in studies on the removal of dyes using beet pulp
[20] and Pleurotus mutilus biomass [21].

The BV10 binding effectiveness on the sorbents tested
was the highest at pH 2 and decreased with pH increasing
up to pH 11 (Fig. 1b). However, this decrease was not uni-
form throughout the entire pH range studied. At the initial
pH 4-9, the binding effectiveness of BV10 on sorbents varied
only slightly.

The positive effect of low pH on the sorption effective-
ness of BV10 was also noted in studies on the decolorization
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Fig. 1. Effect of pH on the effectiveness of BR46 (a) and BV10 (b) sorption onto citrus peels.
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of aqueous solutions using zeolites, sawdust, ashes [22] as
well as algae and seaweed biomass [23].

Despite the similar nature of BV10 and BR46, the effect
of solution pH on the sorption effectiveness of BV10 on
the sorbents tested was different than in the case of BR46,
which could be due to their different chemical structure.
During sorption at low pH, some of the functional groups
of polysaccharides present in the peel of citrus fruits (mainly
—-OH groups) were protonated, thanks to which the sorbent
gained a positive charge. The positively charged surface of
the sorbent repelled the cationic BR46 electrostatically, which
significantly limited its sorption. Electrostatic repulsion was
getting stronger along with the decreasing initial pH of the
solution. For this reason, the sorption effectiveness of BR46
on the sorbents tested was the lowest at pH 2 (Fig. 1a). In turn,
despite its basic character, BV10 has an acid carboxylic
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group. Sorbent’s surface, which had a positive charge at low
pH, attracted electrostatically the carboxyl functional group
(-COO") of BV10 (at pH 2-3, more than 50% of carboxylic
groups have a deprotonated form). For this reason, low pH
promoted the sorption of BV10 on citrus peels (Fig. 1b).

At high pH, both the sorbent and the dyes could gain a
negative charge and repel electrostatically. This caused less
intense BV10 sorption at higher pH (10-11) (Fig. 1).

Sorbents in the form of citrus peels affected the pH of the
solution in which the sorption took place (Figs. 2a and b).
The pH of the solution containing the sorbent always tended
to obtain the pH,_,. value (pH of the neutral charge point)
(Figs. 2c and d). The pH,,. value was 7.89 for MND, 8.21 for
ORN, 8.20 for LMN, and 8.09 for GRP. There was no clear
correlation between the pH_,. value and sorption effective-
ness of dyes on the sorbents tested.
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4.2. Kinetics of dyes sorption

Fig. 3 shows the percentage changes in the concentration
of dyes in BR46 solutions during sorption using peels of dif-
ferent citrus fruits. The time needed to reach sorption equilib-
rium of the dyes on the sorbents tested ranged from 180 min
to 240 min. Longer time was usually needed to achieve the
sorption equilibrium of the dyes on citrus peels at low initial
concentrations of the dye. This is probably due to the lower
probability of the collision of sorbate molecules with sorp-
tion centers considering their lower number in the solution.

The relatively long time of sorption of cationic dyes on
citrus peels could be due to the specific sorbent structure.
In contrast to most of the typical lignocellulose sorbents, the
citrus peel has a loose structure that allows dyes to pervade
into the sorptive centers located in the deeper layers of the
sorbent. Due to the interaction of dyes with polysaccharide
chains, the process of dyes penetration inside the sorbent
is quite slow, which elongates the time needed to reach the
sorption equilibrium.

The effectiveness of dye binding on sorbents was the
highest in the initial minutes of the sorption process. In
relation to the amount of dye removed from the solution
after the equilibrium time, 60% to 75% BV10 and 85% to 95%
BR46 were bound to the sorbent already in the first 20 min
of the sorption process. The percentage of dye removal
effectiveness decreased with an increasing initial concentra-
tion of the dye (Fig. 3).

In the case of BR46, shorter sorption equilibrium times
were obtained in the decolorization studies with sawdust
aqueous solutions (40 min) [24], pine needles (90 min) [19],
and oyster mushroom biomass (90 min) [21]. Faster achie-
vement of the equilibrium time was also noted in studies
on BV10 sorption on mango leaves (50 min) [12], jute stick
powder (60 min) [25], and coconut fiber (90 min) [26].

In each research series of the sorption of cationic dyes on
sorbents based on citrus peels, the largest fit to the experi-
mental data was shown for the pseudo-second-order model
(Fig. 4; Table 3). With an increase in the initial concentration
of the dye in the solution, the sorption intensity of BR46 and
BV10 increased, whereas the value of sorption rate constant
K, decreased. This can be explained by the higher probabil-
ity of sorbates colliding with active centers, in the solution
containing a higher number of dye molecules. A similar trend
was observed during the sorption of dyes on carbonated
peel of pomegranate [27], carbonated beans (Squamosa) [28],
as well as on chitosan [29].

The effectiveness of the sorbents tested against dyes was
similar. The lower effectiveness of BV10 sorption on citrus
peels in comparison with BR46 might result from its higher
molar mass that hindered its penetration into the sorbent’s
structure and also from the presence of the -COOH group,
whose electrostatic interactions with polysaccharide sorbent
chains could impede reaching the sorption centers located in
the deeper layers of citrus skins.

The model of intramolecular diffusion adapted to exper-
imental data indicates that, in most cases, the sorption of
BR46 and BV10 on citrus peels proceeded in three stages
(Table 4; Fig. 5).

The first stage, most intense sorption stage, was simul-
taneously the shortest one and lasted from 10 to 30 min,

depending on the type of dye and its initial concentration.
Presumably, at this stage the cationic dyes diffused through
the solution to the surface of the sorbent and joined the most
available active centers of the sorbent. At the second stage of
sorption, dyes filled the last free sorption centers on the sur-
face and also joined active sites located in shallower layers of
the sorbent. Due to difficulties in sorbent penetration by dyes
during intramolecular diffusion, the second stage of sorp-
tion was less intense than the first one and longer (from 20 to
70 min). The third, longest sorption stage lasting from 90 to
160 min was at the same time the least intense and preceded
the achievement of the sorption equilibrium. At this stage,
the sorption effectiveness of dyes was the lowest due to the
low number of the remaining free sorption centers and their
location in the deepest, most difficult to reach layers of the
sorbent.

In the case of low initial concentration of BR46 (25 mg/L),
the intramolecular diffusion model indicated only two stages
of the sorption process (Table 4). Presumably, after the first
stage, at which most of the BR46 molecules joined the active
sorbent centers, the pre-equilibrium stage followed immedi-
ately. This was not observed for BV10, probably due its lower
affinity to sorbents based on citrus peels.

The k,, k,, k, constants determined from the intramo-
lecular diffusion model, indicating the intensity of sorption
in time, increased with the initial concentrations of the dye.
As mentioned earlier, this is due to the increasing probabil-
ity of sorbates colliding with the sorption centers. A similar
tendency was observed in the studies on dyes sorption on
chitosan [30].

4.3. Maximum sorption capacity

The calculated values of determination coefficient R?
demonstrate that the Langmuir model and the Langmuir
2 model showed a greater fit to the experimental data than
the Freundlich model did (Table 5). It should be noted that
values of the constants determined from the Langmuir and
Langmuir 2 models, that is, Q__, K/K//K,, and R? were the
same in individual series. A similar result was obtained in
studies on the sorption of BV10 on maize silage [31]. In both
cases, this may suggest the presence of only one type of sorp-
tion center in the sorbent tested. Hydroxyl groups of poly-
saccharides of the citrus skins are probably the discussed
type of active site. For this reason, further description of
results will be based on the fixed values determined from the
Langmuir model.

The maximum sorption capacity of BR46 was similar
for the tested sorbents and — reached 54.16 mg/g for MND,
57.04 mg/g for ORN, 53.99 mg/g for LMN, and 54.47 mg/g for
GRP (Table 5).

Although orange peels exhibited the highest sorption
capacity in the model, they were characterized by the low-
est degree of affinity to the dye (K. = 0.017) (Table 5). A low
degree of affinity may suggest that the sorbent can achieve
the sorption capacity calculated from the model only at a
very high concentration of the sorbate, which usually does
not occur under real conditions. Therefore, low K. values
can help predict a low sorption effectiveness at low concen-
trations of the dye (<1,000 mg/L). The above statement is
supported by the results from points 4.1 to 4.2, in which the
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Fig. 3. Changes in concentrations of dyes in the solution during sorption: BR46 onto ORN (a), BV10 onto ORN (b), BR46 onto GRP (c),
BV10 onto GRP (d), BR46 onto MND (e), BV10 onto MND (f), BR46 onto LMN (g), BV10 onto LMN (h). Temperature 22°C.
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Fig. 4. Sorption kinetics of dyes: BR46 onto ORN (a), BV10 onto ORN (b), BR46 onto GRP (c), BV10 onto GRP (d), BR46 onto MND (e),
BV10 onto MND (f), BR46 onto LMN (g), BV10 onto LMN (h). Pseudo-first-order model, pseudo-second-order model. Temperature
22°C.
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Table 3
Kinetic parameters of dyes sorption on citrus peels, determined from pseudo-first and pseudo-second-order models
Sorbent Dye Sorption Pseudo-first-order model Pseudo-second-order model Experimental
pH data
K A R K 9 R Teerp
(1/min) (mg/g) - (g/mg*min) (mg/g) - (mg/g)
25* 0.169 3.92 0.989 0.078 4.08 0.990 3.97
BR46 100** 0.184 15.20 0.994 0.022 15.79 0.997 15.51
300 0.124 36.79 0.985 0.005 38.86 0.999 37.88
ORN 10 0.091 0.77 0.960 0.170 0.83 0.997 0.81
BV10 25% 0.082 1.83 0.984 0.063 1.96 0.996 1.88
100** 0.048 3.91 0.978 0.016 4.28 0.999 4.05
25* 0.151 4.08 0.990 0.063 4.26 0.997 4.17
BR46 100** 0.139 16.03 0.988 0.014 16.82 0.997 16.45
GRP 300 0.111 38.68 0.976 0.004 40.96 0.998 39.88
10 0.066 0.72 0.948 0.130 0.78 0.991 0.76
BV10 25% 0.064 1.68 0.920 0.053 1.83 0.981 1.82
100** 0.062 3.39 0.958 0.026 3.67 0.993 3.55
25* 0.166 4.05 0.993 0.073 4.22 0.997 411
BR46 100** 0.155 16.01 0.992 0.017 16.71 0.998 16.24
300 0.122 38.27 0.992 0.005 40.37 0.996 40.37
MND 10 0.092 0.84 0.951 0.161 0.90 0.993 0.89
BV10 25* 0.087 1.90 0.956 0.066 2.04 0.996 2.02
100** 0.059 3.88 0.954 0.021 421 0.993 4.07
25* 0.171 3.84 0.995 0.079 4.00 0.995 3.93
BR46 100** 0.161 15.00 0.995 0.019 15.66 0.995 15.32
LMN 300 0.112 36.03 0.982 0.005 38.22 0.999 37.37
10 0.094 0.95 0.962 0.147 1.02 0.997 1.00
BV10 25* 0.105 2.27 0.953 0.067 2.43 0.995 241
100** 0.051 4.37 0.965 0.016 4.75 0.996 4.54
*/** — The same initial concentrations of dyes.

ORN, with a concentration of 25-300 mg/L, proved to be a
relatively ineffective sorbent.

The highest affinity to BR46 was exhibited by MND
(K. =0.026), which proved to be the most effective sorbent in
points 4.1 and 4.2.

The sorption capacity of citrus peels against BV10
was about 10 times lower than against BR46 and reached:
5.03 mg/g for MND, 5.48 mg/g for ORN, 5.66 mg/g for LMN,
and 4.63 mg/g for GRP. LMN besides the largest sorption
capacity within the sorbents tested, was also characterized
by the highest affinity to BV10 (K. = 0.046). As in the case
of BR46, the lowest affinity to BV10 was shown for ORN
(K.=0.031) (Table 5).

Different sorptive capacities of citrus peels against BV10
and BR46 may result from different molecular weights of
the dyes, from different sorption pHs, and also from differ-
ent functional groups of these dyes, as explained in section
5.2. The lower sorption capacity of citrus skins against BV10,
compared with BR46, may be due to a higher molecular
weight of BV10, hindering penetration of the dye into active
sites located in the deeper layers of the sorbent. The lower

effectiveness of BV10 sorption may also result from the fact
that is possesses an acidic group -COOH. The negative car-
boxyl group generating local charge may have impeded
dye attachment to a sorbent having a general acidic character.

Table 6 shows the sorption capacities of various sorbents
against Basic Red 46 and Basic Violet 10. The table presents
the results of own research as well as literature data.

Citrus peel has a greater sorption capacity than such
waste products from the agri-food industry as mango leaves,
charred coconut fibers or used coffee beans (Table 6). In the
case of BR46, the sorption capacity of citrus peel is higher
than that of fir and beech sawdust (Table 6). Poorer sorptive
properties of sawdust, despite the higher content of polysac-
charides may result from the smaller surface area of sawdust
and their compact structure.

The tested peel of citrus fruits exhibited a similar sorption
capacity with respect to BR46 as sorbents based on activated
carbons [32,34]. Exceptionally high sorptive abilities of citrus
peels against BR46 may result from its loose structure that
allowed the dye to penetrate into the sorption centers located
in the deeper layers of the sorbent.
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Fig. 5. Intraparticle diffusion model for the sorption of dyes: BR46 onto ORN (a), BV10 onto ORN (b), BR46 onto GRP (c), BV10 onto
GRP (d), BR46 onto MND (e), BV10 onto MND (f), BR46 onto LMN (g), BV10 onto LMN (h). Temperature 22°C.
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Constants of dyes diffusion rate determined from a simplified model of intraparticle diffusion. Units - k,;

phase duration (min)

v kd3
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(mg*g’l*min’O'S),

Sorbent  Dye Concentration First phase of sorption Second phase of sorption Third phase of sorption
(mg/L) k, Duration  R? k, Duration  R? k, Duration  R?
(min) (min) (min)
25* 0.865  ~20 0978 - - - 0.016  ~160 0.957
BR46  100** 3977  ~10 0993 1156  ~20 0.983  0.066  ~150 0.989
ORN 300 8427  ~10 0999  3.065 ~20 0.995  0.340  ~150 0.902
10 0120 ~30 0958  0.021  ~60 0.997  0.003  ~150 0.925
BV10  25% 0295  ~30 0975  0.067 ~60 0.991  0.007  ~90 0.845
100** 0.555  ~20 0.997 0226 ~70 0984 0075 ~90 0.997
25* 0.833  ~20 0964 - - - 0.021  ~160 0.798
BR46  100** 3717 ~10 0992 1201 ~35 0.908 0.089 ~135 0.963
GRP 300 8.419  ~10 0.997 3206 ~35 0.995 0288  ~135 0.921
10 0.102  ~30 0.966  0.033 ~60 0.951  0.006  ~150 0.891
BV10  25* 0232 ~30 0.949 0076  ~60 0.981  0.027  ~150 0.993
100** 0534  ~20 0994 0192 ~70 0983 0.048 ~90 0.973
25* 0.872  ~20 0969 - - - 0.014  ~160 0.884
BR46  100** 3.945  ~10 0999 1432 ~20 0.966  0.047  ~150 0.951
MND 300 8505  ~10 0.999 1453 ~40 0981  0.130 ~130 0.993
10 0127  ~30 0943  0.031 ~60 0.921  0.007  ~90 0.999
BV10  25* 0331 ~20 0979 0079  ~60 0.968  0.020 ~100 0.999
100** 0588  ~20 0981 0.180  ~60 0.987  0.048  ~100 0.999
25* 0.829  ~20 0966 - - - 0.022  ~160 0.871
BR46  100** 3.746  ~10 0.999 1257 ~20 0935 0.084  ~150 0.936
300 7818  ~10 0.999 1621 ~40 0.988 0283  ~130 0.985
LMN 10 0.148  ~30 0.957  0.032 ~50 0.963  0.009  ~100 0.997
BV10  25* 0409  ~20 0.959  0.077  ~60 0.851  0.036  ~100 0.999
100** 0.637  ~20 0.998 0250 ~60 0.996  0.053  ~100 0.999
*/** — The same initial concentrations of dyes.
Table 5
Constants determined from Langmuir, Langmuir II, and Freundlich isotherms
Model Constants Basic Red 46 Basic Violet 10
ORN GRP MND LMN ORN GRP MND LMN
. Q__ (mg/g) 57.04 54.47 54.16 53.99 5.48 4.63 5.03 5.66
Langmuir mex
isotherm K. (L/g) 0.017 0.025 0.026 0.018 0.031 0.032 0.042 0.046
R? 0.9943 0.9826 0.9864 0.9895 0.9979 0.9969 0.9942 0.9967
Q... (b1 +b2) (mg/g) 57.04 54.46 54.16 53.99 5.48 4.63 5.03 5.66
Double b, (mg/g) 31.03 27.43 28.70 30.34 2.69 2.33 2.57 3.19
Lanemuir b, (mg/g) 26.01 27.03 25.46 23.65 2.79 2.31 2.46 2.47
gmu
isotherm k, (L/mg) 0.017 0.025 0.026 0.018 0.031 0.032 0.042 0.046
k, (L/mg) 0.017 0.025 0.026 0.018 0.031 0.032 0.042 0.046
R? 0.9943 0.9826 0.9864 0.9895 0.9979 0.9969 0.9948 0.9967
Freundlich N (L/g) 0.6008 0.5496 0.5564 0.5915 0.5906 0.5764 0.5422 0.5321
isotherm K 2.3326 3.3398 3.1167 2.3093 0.3195 0.2907 0.3989 0.4844
R? 0.9703 0.9469 0.9466 0.9619 0.9707 0.9700 0.9650 0.9539
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Comparison of the BR46 and BV10 sorption results for different sorbents
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Dye Sorbent type Capacity (mg/g) pH Sorption time (h) Source
Active carbon from the Cerbera biomass 65.71 7 1.5 [32]
Orange peel 57.04 6 4.0 This work
Grapefruit peel 54.47 6 4.0 This work
Mandarin peel 54.16 6 4.0 This work
Lemon peel 53.99 6 4.0 This work

BR46 Rape seed husks 49.00 8 0.5 [33]
ROW 08 active carbon 45.00 8 1.0 [34]
Ceramic clay 28.05 6 2.0 [35]
Bone meal 24.56 6 15 [36]
Fir sawdust 20.47 N.A. 2.0 [37]
Beech sawdust 19.24 N.A. 2.0 [37]
Active carbon from the palm bark 30.00 3 N.A. [38]
Lemon peel 5.66 3 4.0 This work
Orange peel 5.48 3 4.0 This work
Mandarin peel 5.03 3 4.0 This work
Grapefruit peel 4.63 3 4.0 This work

BV10 Cedar cones 4.60 N.A 6.0 [39]
Mango leaves (powder) 3.30 N.A 0.8 [12]
Orange peel 3.20 4 N.A. [40]
Coal-fired coconut fiber 2.60 6.5 25 [41]
Coffee powder 2.50 2 3.0 [42]
Fly ash (from combined heat and power plant) 1.90 N.A 72.0 [43]

5. Summary References

Properly prepared citrus peels can be an effective sorbent
for cationic dyes, representing an alternative to sorbents
based on activated carbon. A prerequisite for a satisfactory
effectiveness of sorption of pigments on citrus peels is
the optimal pH value of the sorption procesess, which should
be determined individually for each dye.

Sorption of dyes on citrus peels proceeds in three main
stages, varying in intensity and duration. At the first most
intense stage of the sorption process, lasting from 10 to
30 min, the amount of sorbed dye can range from 60% to 95%
in relation to the weight of the dye after the equilibrium time
(180-240 min).

The sorption capacity of the tested citrus peels against
the tested dyes was similar. For example, the highest sorp-
tion capacity was obtained using orange peels (Q = 57.04 mg
BR46/g) and was by only 5.6% higher than the lowest
sorption capacity obtained on lemon peels (Q = 53.99 mg
BR46/g). This is a promising finding for potential users of
the technology involving the use of citrus peels as a sor-
bent. As the filling of the adsorber, it will be possible to use
the cheapest or the most available raw material on the mar-
ket, without fear of a major decrease in the effectiveness of
sewage decolorization process.

Acknowledgment

This study was financed under the Project No. 18.610.008-
300 of the University of Warmia and Mazury in Olsztyn,
Poland.

(1

2]

[10]

C-H. Huang, K-P. Chang, H.-D. Ou, Y.-C. Chiang, C.-F. Wang,
Adsorption of cationic dyes onto mesoporous silica, Micro-
porous Mesoporous Mater., 141 (2011) 102-109.

Z.-p. Qi, Q. Liu, Z.-R. Zhu, Q. Kong, Q.-F. Chen, C.-S. Zhao,
Y.-Z. Liu, M.-S. Miao, C. Wang, Rhodamine B removal from
aqueous solutions using loofah sponge and activated carbon
prepared from loofah sponge, Desal. Wat. Treat., 57 (2016)
29421-29433.

Z. Carmen, S. Daniela. Textile Organic Dyes — Characteristics,
Polluting Effects and Separation/Elimination Procedures from
Industrial Effluents — A Critical Overview, Dr. Tomasz Puzyn,
Ed., Organic Pollutants Ten Years After the Stockholm Con-
vention — Environmental and Analytical Update, InTech, 2012.
DQI: 10.5772/32373.

A. Aziz, M.S. Ouali, E. Hadj Elandaloussi, L.C. De Menorval,
M. Lindheimer, Chemically modified olive stone: a low-cost
sorbent for heavy metals and basic dyes removal from aqueous
solutions, J. Hazard. Mater., 163 (2009) 441-447.

C. Leodopoulos, D. Doulia, K. Gimouhopoulos, Adsorption of
cationic dyes onto bentonite, Sep. Purif. Rev., 44 (2015) 74-107.

S. Guiza, L. Franck, M. Bagané, Adsorption of dyes from
aqueous solution under batch mode using cellulosic orange
peel waste, Desal. Wat. Treat., 113 (2018) 262-269.

Y.-S. Ho, W.-T. Chiu, C.-C. Wang, Regression analysis for the
sorption isotherms of basic dyes on sugarcane dust, Bioresour.
Technol., 96 (2005) 1285-1291.

K. Amela, M.A. Hassen, D. Kerroum, Isotherm and kinetics
study of biosorption of cationic dye onto banana peel, Energy
Procedia, 19 (2012) 286-295.

W. Zou, K. Li, H. Bai, X. Shi, R. Han, Enhanced cationic dyes
removal from aqueous solution by oxalic acid modified rice
husk, J. Chem. Eng. Data, 56 (2011) 1882-1891.

G.H. Sonawane, V.S. Shrivastava, Kinetics of decolourization
of malachite green from aqueous medium by maize cob



(11]

(12]

(13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

T. J6Zwiak et al. / Desalination and Water Treatment 163 (2019) 385-397

(Zea maize): an agricultural solid waste, Desalination, 247 (2009)
430-441.

A.A.Jalil, S. Triwahyono, M.R. Yaakob, Z.Z.A. Azmi, N. Sapawe,
N.H.N. Kamarudin, H.D. Setiabudi, N.F. Jaafar, S.M. Sidik,
S.H. Adam, B.H. Hameed, Utilization of bivalve shell-treated
Zea mays L. (maize) husk leaf as a low-cost biosorbent for
enhanced adsorption of malachite green, Bioresour. Technol.,
120 (2012) 218-224.

S.M.H. Gardazi, T.A. Butt, N. Rashid, A. Pervez, Q. Mahmood,
M.M. Shah, M. Bilal, Effective adsorption of cationic dye from
aqueous solution using low-cost corncob in batch and column
studies, Desal. Wat. Treat., 57 (2016) 28981-28998.

T.A. Khan, S. Sharma, I. Ali, Adsorption of rhodamine B dye
from aqueous solution onto acid activated mango (Magnifera
indica) leaf powder: equilibrium, kinetic and thermodynamic
studies, J. Toxicol. Environ. Health Sci., 10 (2011) 286-297.
M.N. Sahmoune, A.R. Yeddou, Potential of sawdust materials
for the removal of dyes and heavy metals: examination of
isotherms and kinetics, Desal. Wat. Treat., 57 (2016) 24019-24034.
M. Tomads-Navarro, F. Vallejo, F.A. Tomas-Barberan, Chapter
40 - Bioavailability and metabolism of citrus fruit beverage
flavanones in humans, Polyphenols in Human Health and
Disease, Vol. 1, 2014, pp. 537-551.

0.0. Olabinjo, A.S. Ogunlowo, O.0. Ajayi, A.P. Olalusi,
Analysis of physical and chemical composition of sweet orange
(Citrus sinensis) peels, Int. J. Environ. Agric. Biotechnol., 2 (2017)
2201-2206.

F.R. Marin, C. Soler-Rivas, O. Benavente-Garcia, J. Castillo,
J.A. Pérez-Alvarez, By-products from different citrus pro-
cesses as a source of customized functional fibres, Food Chem.,
100 (2007) 736-741.

S. Rafig, R. Kaul, S.A. Sofi, N. Bashir, F. Nazir, G.A. Nayik,
Citrus peel as a source of functional ingredient: a review,
J. Saudi Soc. Agric. Sci., 17 (2018) 351-358.

F. Deniz, S. Karaman, Removal of Basic Red 46 dye from
aqueous solution by pine tree leaves, Chem. Eng. J., 170 (2011)
1-8.

S.D. Khattri, M.K. Singh, Colour removal from dye wastewater
using sugar cane dust as an adsorbent, Adsorpt. Sci. Technol.,
17 (1999) 269-282.

N.Y. Mezenner, A. Hamadi, S. Kaddour, Z. Bensaadi,
A. Bensmaili, Biosorption behavior of Basic Red 46 and Violet
3 by dead Pleurotus mutilus from single- and multicomponent
systems, J. Chem., 2013 (2013) 1-12.

T. Jozwiak, U. Filipkowska, P. Szymczyk, A. Mielcarek,
Zastosowanie niekonwencjonalnych sorbentéw do usuwania
Basic Violet 10 z roztworéw wodnych, Inz. Ekolog., 47 (2016)
95-103.

S. Devi, A. Murugappan, R. Kannan, The comparative study
on sorption of basic Violet 10 by cost-effective sorbents, Int. J.
Chem. Technol. Res., 7 (2015) 1773-1780.

M. Doltabadi, H. Alidadi, M. Davoudi, Comparative study
of cationic and anionic dye removal from aqueous solutions
using sawdust-based adsorbent, Environ. Prog. Sustainable
Energy, 35 (2016) 1078-1090.

G.C.Panda, S.K. Das, A.K. Guha, Jute stick powder as a potential
biomass for the removal of congo red and rhodamine B from
their aqueous solution, J. Hazard. Mater., 164 (2009) 374-379.
M.V. Sureshkumar, C. Namasivayam, Adsorption behavior of
Direct Red 12B and Rhodamine B from water onto surfactant-
modified coconut coir pith, Colloids Surf., A, 317 (2008) 277-283.

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

(37]

[38]

[39]

(40]

[41]

[42]

[43]

397

M.A. Ahmad. N.A.A. Puad, O.S. Bello, Kinetic, equilibrium
and thermodynamic studies of synthetic dye removal using
pomegranate peel activated carbon prepared by microwave-
induced KOH activation, Water Resour. Ind., 6 (2014) 18-35.

T. Santhi, S. Manonmani, T. Smitha, Kinetics and isotherm
studies on cationic dyes adsorption onto Annona squamosa seed
activated carbon, Int. J. Eng. Sci. Technol., 2 (2010) 287-295.
F-C. Wu, R-L. Tseng, R.-S. Juang, Kinetic modeling of liquid-
phase adsorption of reactive dyes and metal ions on chitosan,
Water Res., 35 (2001) 613-618.

W.H. Cheung, Y.S. Szeto, G. McKay, Intraparticle diffusion
processes during acid dye adsorption onto chitosan, Bioresour.
Technol., 98 (2007) 2897-2904.

U. Filipkowska, T. Jozwiak, J. Rodziewicz, J. Kuciejewska,
Application of maize silage as a biosorbent for the removal
of dyes from aqueous solutions, Rocz. Ochr. Sr., 15 (2013)
2324-2338.

N.A.L Azmi, N.F. Zainudin, U.E.Md. Alj, F. Senusi, Adsorption
kinetics on Basic Red 46 removal using Cerbera odollam activated
carbon, J. Eng. Sci. Technol., 3 (2015) 82-91.

M.N. Mohammad, M. Arami, H. Bahrami, S. Khorramfar,
Novel biosorbent (Canola hull): surface characterization and
dye removal ability at different cationic dye concentrations,
Desalination, 264 (2010) 134-142.

M. Madeta, D. Krzeminska, E. Neczaj, Usuwanie zanieczysz-
czen ze Sciekéw przemystowych na weglach aktywnych, Tech-
nologia Wody., 5 (2014) 46-50.

E. Bouatay, S. Dridi, M.F. Mhenni, Valorization of Tunisian
pottery clay onto basic dyes adsorption, Int. J. Environ. Res.,
8 (2014) 1054-1064.

M.E. Haddad, S. Rachid, M. Rachid, S. Nabil, R. Mohamed,
L. Said, Adsorptive removal of a cationic dye - Basic Red 46 -
from aqueous solutions using animal bone meal, J. Eng. Stud.
Res., 8 (2012) 43-51.

L. Laasri, M.K. Elamrani, O. Cherkaoui, Removal of two cationic
dyes from a textile effluent by filtration-adsorption on wood
sawdust, Environ. Sci. Pollut. Res., 14 (2007) 237-240.

M. Mohammadji, A.J. Hassani, A.R. Mohamed, G.D. Najafpour,
Removal of rhodamine B from aqueous solution using palm
shell-based activated carbon: adsorption and kinetic studies,
J. Chem. Eng. Data, 55 (2010) 5777-5785.

M. Zamouche, O. Hamdaoui, Sorption of Rhodamine B by
cedar cone: effect of pH and ionic strength, Energy Procedia,
18 (2012) 1228-1239.

C. Namasivayam, N. Muniasamy, K. Gayatri, M. Rani, K. Ranga-
nathan, Removal of dyes from aqueous solutions by cellulosic
waste orange peel, Bioresour. Technol., 57 (1996) 37-43.

C. Namasivayam, M.D. Kumar, K. Selvi, R.A. Begum, T. Vanathi,
R.T. Yamuna, ‘Waste’ coir pith—a potential biomass for the
treatment of dyeing wastewaters, Biomass Bioenergy, 21 (2001)
477-483.

K. Shen, M.A. Gondal, Removal of hazardous Rhodamine
dye from water by adsorption onto exhausted coffee ground,
J. Saudi Chem. Soc., 31 (2013) 1-8.

P. Pengthamkeerati, T. Satapanajaru, N. Chatsatapattayakul,
P. Chairattanamanokorn, N. Sananwai, Alkaline treatment of
biomass fly ash for reactive dye removal from aqueous solution,
Desalination, 261 (2010) 34—40.



