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Abstract: This study aimed to identify the possibility of using rapeseed husks (RH) as an uncon-
ventional sorbent for removing acidic (AR18, AY23) and basic (BR46, BV10) dyes from aqueous
solutions. Its scope included, i.a.: sorbent characterization (FTIR, pHPZC), determination of pH effect
on dye sorption effectiveness (pH 2–11), analysis of dye sorption kinetics (pseudo-first order model,
pseudo-second order model, intraparticular diffusion model), and the determination of the maximum
sorption capacity (Langmuir 1 and 2, and Freundlich isotherms). The sorption effectiveness of acidic
dyes (AR18, AY23) onto RH was the highest at pH = 2, whereas that of the basic dyes BR46 and
BV10 was most effective at pH = 6 and pH = 3, respectively. The time needed to reach the sorption
equilibrium of dyes onto RH depended on their initial concentration and ranged from 120 to 150 min
for the acidic dyes and from 150 to 180 min for the basic dyes. The maximum sorption capacity (Qmax)
of RH towards AR18 and AY23 was 49.37 mg/g and 41.52 mg/g, respectively, and towards BR46
and BV10 it was 59.07 mg/g and 20.93 mg/g, respectively. The obtained Qmax values were compared
with the results achieved for other sorbents (literature data). This comparison demonstrated that the
sorption capacity of rapeseed husks towards the analyzed dyes was higher compared to that of some
types of activated carbons.

Keywords: rapeseed husks; hulls; unconventional sorbent; sorption; acidic dyes; basic dyes; Acid
Red 18; Acid Yellow 23; Basic Red 46; Basic Violet 10

1. Introduction

Dyes are chemical compounds used to impart a desired color to utility items. There
are about 10,000 types of dyes available on the market and their global production currently
exceeds 1 million ton/year [1]. They are mainly used in industry for dyeing fibers, leather,
plastics, paper, foods, and other materials. As a result of certain drawbacks of the dyeing
technology, a significant proportion of the dyes used is lost and ends up in wastewater [2].

Colored industrial wastewater poses a serious risk to the natural environment. For
example, ineffective methods of decolorization of post-production waters cause certain
amounts of dyes to pervade the natural waters [3]. Furthermore, even small amounts
of color substances can trigger major changes in local aquatic ecosystems [4]. Most dyes
are very visible in water reservoirs, even at concentrations of 1 mg/L, which disturbs the
aesthetics of the latter [5]. What is worse, they impair sunlight penetration through water,
thus, inhibiting the photosynthesis carried out by aquatic autotrophs [6]. In addition, some
dyes hinder the diffusion of atmospheric oxygen in water, which, when combined with
impaired photosynthesis, can lead to the development of anaerobic conditions in the water
reservoir. Certain dyes may also be toxic to aquatic organisms [7]. As a result, pollution
with dyes can lead to the collapse of the local aquatic ecosystem. In order to minimize the
risk of environmental degradation, it seems necessary to implement effective technologies
for wastewater decolorization.

Colored wastewater is most often treated by means of physicochemical methods
including: chemical precipitation and electrocoagulation, chemical oxidation methods (e.g.,
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ozonation or reaction with sodium hypochlorite), membrane methods (e.g., ultrafiltration,
reverse osmosis), and also sorption methods [8,9]. Sorption involves binding contaminants
on the surface of the material (sorbent). Unlike precipitation or deep oxidation methods, it
does not generate any by-products [10]. Sorption methods are also easier to carry out and
are cheaper compared to the membrane methods.

Many scientists are of the opinion that dye sorption is one of the safest methods for
wastewater decolorization [11]. The effectiveness and costs of colored wastewater treatment
by means of sorption depend mainly on the type of sorbent used. Currently, sorbents that
are most commonly used for water and wastewater treatment include activated carbon-
based materials [12]. They are characterized by high porosity and very extensive specific
surface area, often exceeding 1000 m2/g, which translates into their good sorption of
most dyes [13]. The main problems associated with activated carbons include their rapid
saturation, difficult regeneration and the associated weight loss. There is also a common
opinion that their production costs are high. Therefore, their cheaper alternatives are
currently being sought. They should be readily available, cheap and, possibly, have a
sorption capacity similar to that of activated carbons. Today, high hopes are fostered in
waste materials from the agri-food industry as either sorbents or raw materials for their
production [14,15]. They are cheap and widely available, especially in developed countries.
So far, research has been carried out on the removal of dyes on waste materials from the
agricultural industry such as plant stalks, leaves, nut shells or fruit skins [16,17]. Their
sorption capacity is mainly due to the high contents of polysaccharides, lignin and proteins.

An example of a widely available waste material from the agri-food industry with
potentially good sorption capacity is rapeseed husks. Rape (Brassica napus L.) is one of
the most popular crops. In 2020, its global production exceeded 70 million tons [18]. It
is grown mainly for seeds containing 40–45% fat [19,20] that are used for oil production
for food purposes or for biodiesel production [21]. The residue from the oil pressing is
the so-called rapeseed oil cake, containing the husk and crushed seed kernel. It is usually
used as an additive to animal feedstuffs. Seed husks, which account for approximately
20% of rape seed weight [22], can be easily isolated from rapeseed cake. They consist of
polysaccharides (cellulose, hemicellulose)—33%; lignin—26%; and proteins—18% [23,24],
which may suggest their potentially high usability in removing both acidic and basic dyes
from aqueous solutions.

This study examined the possibility of using rapeseed husks as an unconventional
sorbent to remove dyes from aqueous solutions. To this end, sorption capacity of rapeseed
husks was tested in respect of acidic dyes (Acid Red 18, Acid Yellow 23) and basic dyes
(Basic Red 46, Basic Violet 10) popular in the industry.

2. Materials and Methods
2.1. Rapeseed Husks

The raw material used to prepare the sorbent consisted of rapeseed oil cake supplied
by an oil extrusion plant located in the Warmińsko-Mazurskie Province (Poland). The cake
derived from industrial rape seeds from the local harvest of 2022.

The sorbent preparation consisted in separating the husks from the crushed rape seed
kernel (acc. to the procedure described in Section 2.5). Rape seed husks (RH) accounted
for 31% of the oil cake weight. The content of individual components in the husk dry
matter was as follows: lignin—25.0%; cellulose—13.7%; hemicellulose—19.0%; pectin—
12.0%; proteins—18.1%; starch—0.4%; and other components (e.g., lipids, monosugars,
ash)—12.2% [23,24].

2.2. Sorb—Ates (Dyes)

Acidic dyes: Acid Red 18 (AR18) and Acid Yellow 23 (AY23); and basic dyes: Basic
Red 46 (BR46) and Basic Violet 10 (BV10), were purchased at the Dye-Producing Industry
Plant “BORUTA-ZACHEM KOLOR SA” in Zgierz (Poland). Table 1 presents the key
parameters of dyes provided by the producer.
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Table 1. Characteristics of dyes used in the study.

Dye Name Acid Red 18
(AR18)

Acid Yellow 23
(AY23)

Basic Red 46
(BR46)

Basic Violet 10 (BV10)
(BV10)

Structural formula
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λmax 509 nm 428 nm 530 nm 554 nm

Uses dyeing wool, silk,
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dyeing wool, silk,
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dyeing leather, paper,
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paper, leather
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may cause irritation;
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Cationic Red X-GRL

Rhodamine B,
Basic Red RB,

Violet B.

Dye content in the
commercial product 75% 85% 80% 80%

2.3. Chemical Reagents

• Hydrochloric acid (HCl)—37%—(solution pH correction),
• Sodium hydroxide (NaOH) > 99.9%—micropellets—(solution pH correction),

All chemical reagents used were purchased from POCH S.A., Gliwice, Poland, and
were of p.a. (analytical purity) grade or higher.

2.4. Laboratory Equipment

• FT/IR-4700LE FT-IR Spectrometer with a single reflection ATR attachment (JASCO
International, Tokyo, Japan)—for preparing the sorbent’s FTIR spectra;

• UV-3100 PC—UV/Visible spectrophotometer (VWR spectrophotometers, VWR Inter-
national LLC., Mississauga, ON, Canada)—for determining the concentration of dye
in solutions;

• HI 221 pH-meter (Hanna Instruments, Woonsocket, RI, USA)—for the measurement
and correction of the solutions pH;

• Multi-Channel Stirrer MS-53M (JEIO TECH, Daejeon, Republic of Korea)—for the
process of sorption;

• Gemini VI (Micromeritics, Norcross, GA, USA)—for the measurements of porosity
and surface area of the sorbent.

2.5. Sorbent Preparation—Rape Seed Husks (RH)

The rapeseed cake was placed in a laboratory beaker that was filled up with hot
deionized water (50–55 ◦C). The contents of the beaker were mixed for 5 min with a spatula.
During mixing, the crushed kernels of the rapeseed were separated from the husks. The
contents of the beaker were then poured through a laboratory sieve with a mesh diameter
of 0.5 mm. This mesh size ensured that the husks were retained on the sieve while allowing
the crushed kernels of rapeseed to pass through. The husks that had remained on the
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sieve (mesh size 0.5–2.5 mm) were reintroduced into the beaker to repeat the process of
separating the seed nucleus from the husks (washing the husks). The process was repeated
many times until the water after husk washing was clear (without turbidity caused by the
crushed kernel), and the husks drained on the sieve were completely devoid of the nucleus.
Afterwards, the husks were dried in a laboratory drier at a temperature of 105 ◦C. The
ready-to-test sorption material in the form of purified and dried rape seed husks (RH) was
stored in a sealed polypropylene container.

2.6. Analyses of pH Effect on Dye Sorption Effectiveness

For pH effect analysis, 2.5 g portions of RH were weighed using a precision scale to a
series of beakers (600 mL). Dye solutions (500 mL) with a concentration of 50 mg/L and
pH between 2 and 11 were then added to the beakers. Next, the beakers were placed on a
multi-station magnetic stirrer (200 r.p.m.) for 120 min. Standard magnetic stirrers with a
Teflon coating (50 × 8 mm in size) were used for mixing the contents of the beakers. After
the allotted time, samples of the solutions were taken with an automatic pipette (10 mL)
into the earlier prepared polypropylene tubes. The pH value of the solutions was also
measured after the sorption process.

2.7. Analyses of Dye Sorption Kinetics

For dye sorption kinetics analysis, 5.0 g portions of RH were measured using a
precision scale into beakers (2500 mL). Afterwards, dye solutions (2000 mL) having the
following concentrations: 50/100/250 mg/L in the case of AR18, AY23, BR46 dyes or
20/50/100 mg/L in the case of BV10 dye, and optimal pH (established during analyses
described in Section 2.6) were added to the beakers. The beakers were then placed on a
multi-station magnetic stirrer (200 r.p.m., a stirrer of 80 × 10 mm in size). After allotted
periods of time (0, 10, 20, 30, 45, 60, 90, 120, 150, 180, 210, 240, and 240 min), 5-mL samples
of the solutions were collected with an automatic pipette to the earlier prepared test tubes.

2.8. Analyses of the Maximum Sorption Capacity of RH

The sorbent (RH) was weighed in 2.5 g portions into a series of beakers (600 mL).
Next, dye solutions (500 mL) having the following concentrations: 10–500 mg/L in the
case of AR18, AY23, BR46 dyes or 2–250 mg/L in the case of BV10 dye, and optimal pH
(established during analyses described in Section 2.6), were added to the beakers. The
flasks were then placed on a multi-station magnetic stirrer (200 r.p.m., 50 × 8 mm in size)
for the time needed to reach sorption equilibrium (established based on analyses performed
as described in Section 2.7). Afterwards, 10 mL samples of dye solutions were collected
from the beakers to the earlier prepared test tubes.

In all experimental series (Sections 2.6–2.8), the mixing speed and the size of the stirrer
ensured even distribution of the sorbent (RH) throughout the dye solution’s volume. In
each experiment, dye solutions had a temperature (25 ◦C). The concentration of the dye
remaining in the solution was determined with the spectrophotometric method using a
UV-VIS spectrophotometer. The lower dye concentrations determined in the experimental
series with BV10 (Sections 2.7 and 2.8) were due to a noticeably inferior RH sorption
capacity of this dye. All experimental series were performed in three replications.

2.9. Computation Methods

The amount of dye adsorbed on RH was determined from formula (1).

Qs = (C0 − CS)×
V
m

(1)

QS—mass of sorbed dye [mg/g]
C0—initial concentration of dye [mg/L]
CS—concentration of dye after sorption [mg/L]
V—volume of the solution [L]
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m—mass of the sorbent [g].

The kinetics of dye sorption onto RH was described using the pseudo-first order
model (2), the pseudo-second order model (3), and the intraparticular diffusion model (4).

Q = qe ×
(

1 − e(−k1×t)
)

(2)

Q =

(
k2 × qe

2 × t
)

(1 + k2 × qe × t)
(3)

Q = kid × t0.5 (4)

Q—instantaneous value of the sorbed dye [mg/g]
qe—the amount of dye sorbed at the equilibrium state [mg/g]
t—time of sorption [min]
k1—pseudo-first order adsorption rate constant [1/min]
k2—pseudo-second order adsorption rate constant [g/(mg·min)]
kid—intraparticular diffusion model adsorption rate constant [mg/(g·min0.5)].

The experimental data obtained from studies on the maximum sorption capacity of
RH were described using three popular sorption models: the Langmuir 1 isotherm (5), the
Langmuir 2 isotherm (Langmuir double isotherm) (6), and the Freundlich isotherm (7).
The Langmuir 2 isotherm, also known as the “dual-site Langmuir model”, describes the
adsorption of one type of sorbate on two types of sorption centers. It allows each active site
to be described with a separate Langmuir equation [25].

Qs =
(Qmax × KC × C)
(1 + KC × C)

(5)

Qs =
(b1 × K1 × C)
(1 + K1 × C)

+
(b2 × K2 × C)
(1 + K2 × C)

(6)

Qs = K × C
1
n (7)

Qs—mass of the sorbed dye [mg/g]
Qmax—maximum sorption capacity in Langmuir equation [mg/g]
b1—maximum sorption capacity of sorbent (type I active sites) [mg/g]
b2—maximum sorption capacity of sorbent (type II active sites) [mg/g]
KC—constant in Langmuir equation [L/mg]
K1, K2—constants in Langmuir 2 equation [L/mg]
K—the equilibrium sorption constant in Freundlich model
n—Freundlich equilibrium constant
C—concentration of dye remaining in the solution [mg/L]
n—constant in the Freundlich model.

3. Results and Discussion
3.1. Characteristics of RH (FTIR, Surface)

The FTIR spectrum of rapeseed husks (Figure 1) was typical of the lignocellulosic plant
biomass. Peaks in the range of 1400–900 cm−1 were characteristic for bonds and functional
groups of polysaccharides present in the material [26]. The peaks visible at 1024 cm−1;
1048 cm−1; 1144 cm−1; and also 1201 cm−1 may be ascribed to the C-O-C bond found in
the aromatic rings of cellulose and hemicellulose [27]. In turn, peaks at 956 cm−1 and
896 cm−1 indicate the bending of the C-O-H bond of β-glucans [28]. The absorption bands
at 1420 cm−1 and 1371 cm−1 correspond to the tensile and bending vibrations of -CH2
bonds of cellulose [29]. The presence of lignin in the analyzed material may be indicated by
a peak visible at 1236 cm−1 corresponding to the C=C bond of the guaiacol aromatic ring
and also a peak at 1316 cm−1 assigned to the stretching of the C-O bond of the syringyl
ring [30].
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Figure 1. FTIR spectra of rapeseed husks (RH).

A wide band noticeable at 3500–3000 cm−1 denotes the stretching of the O-H bond
of hydroxyl functional groups. The peak visible in this band at 3278 cm−1 corresponds
to the symmetrical stretching of the N–H bond (amide A) of biomass proteins [31]. The
protein content of rapeseed husks may also be indicated by peaks visible at 1546 cm−1

and 1266 cm−1, which are ascribed to N–H bonds of secondary and tertiary amides [32].
A distinct peak visible at 1630 cm−1 indicates the presence of carboxylic groups in the
analyzed material [33]. In turn, the absorption band at 1730 cm−1 is attributed to the
carbonyl group C=O of the ester bond, which may be related to the content of fatty
acids, glycerides, and pectins in rapeseed husks [34]. Peaks at 2924 cm−1 and 2853 cm−1

correspond to asymmetric and symmetrical stretching vibrations of the -CH2- group, which
may belong to lipid chains or terminal protein groups [34,35].

The specific surface area and RH porosity were measured using the Gemini VI appa-
ratus from Micromeritics. The BET area determined for rapeseed husks was 1064 m2/g,
whereas the total pore volume determined for RH was 0.00223 cm3/g.

3.2. The Effect of pH on the Effectiveness of Dye Sorption onto RH

The sorption effectiveness of acidic dyes (AR18, AY23) onto RH was the highest at
pH = 2 and decreased along with pH increasing up to pH = 11. The greatest decrease in the
binding effectiveness of these dyes onto the tested sorbent was recorded in the pH range of
2–4. In the pH range, of pH 5–10, the AR18 and AY23 sorption effectiveness onto RH was
similar and low (Figure 2a).
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Figure 2. Effect of pH on the effectiveness of sorption of (a) acidic dyes (AR18/AY23) and (b) basic
dyes (BR46/BV10) onto RH (average + range). Effect of RH on changes in solution pH after sorption
of (c) AR18, (d) AY23, (e) BR46, and (f) BV10. (g,h) Determination of pHPZC of the RH using the
“drift” method.
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The high sorption effectiveness of anionic dyes on RH in the acidic environment might
have been due to the positive charge gained by sorbent’s surface. At pH < 6, most of the
amine groups [36] underwent protonation, whereas the hydroxyl groups started to undergo
protonation presumably at pH < 3.

-OH + H3O+ → -OH2
+ + H2O

-NH2 + H3O+ → -NH3
+ + H2O

Positively charged RH functional groups attracted electrostatically the ionized sul-
fone groups of AR18 and AY23, which significantly intensified their sorption. Since the
number of protonated functional groups increased with pH decrease, the highest binding
effectiveness was obtained at the lowest pH tested (pH = 2).

Rapeseed husks have a high content of polysaccharides (cellulose, hemicellulose) and
lignin (rich in hydroxyl groups) and a fairly low content of proteins (having amine groups).
Due to the low content of the amine groups (despite their high ionization susceptibility at
pH < 6), the total number of functional groups protonated on the RH surface in the pH
range of 4–6 was relatively low, which explains the low sorption effectiveness of AR18 and
AY23 in this pH range.

In an alkaline environment, the sorbent’s surface might have gained a negative charge,
presumably due to deprotonation of certain functional groups (e.g., hydroxyl ones).

-OH + OH− → -O− + H2O

A negatively charged RH surface could repel the dyes electrostatically.
With the increase in pH, the number of deprotonated functional groups of RH in-

creased, which translated into an increasing total negative charge of the sorbent and, thus,
a stronger inhibition of dye sorption. This explains the lowest sorption effectiveness of
both AR18 and AY23 determined at pH = 11.

The high sorption effectiveness of AR18 at low pH was also noted in the studies
addressing the treatment of colored aquatic solutions on sunflower husks [37], chitosan
flakes [38], and also activated carbons [39]. In the case of AY23, the positive effect of low
pH was also observed during decolorization of solutions on sawdust [40] and chitin [41].

The sorption effectiveness of the cationic dye BR46 onto RH increased with pH increas-
ing up to pH = 6 (Figure 2b). The greatest leap in the binding effectiveness of this dye on
the tested sorbent was noted in the pH range of 2–4. At pH > 7, the sorption effectiveness
of BR46 on rapeseed husks was observed to decrease (Figure 2b). Due to the spontaneous
decolorization of BR46 solutions at pH > 8, the results related to its sorption in the pH
range of 9–11 are not presented in Figure 2b.

The relatively high effectiveness of basic BR46 sorption onto rapeseed husks over
a broad pH range (pH 4–8) may be due to the generally acidic nature of the sorbent.
Ionized carboxyl groups located on RH surface can serve as sorption centers for BR46.
The binding of BR46 on the analyzed sorbent can also proceed through hydrogen bonds
(between hydrogen and nitrogen atoms, and between hydrogen and oxygen) and Van der
Waals forces.

The low sorption effectiveness of BR46 at low pH (pH = 2) was due to a strong positive
charge on the surface of the sorbent, which electrostatically repelled BR46 cations. With the
increase in pH, the number of protonated functional groups of RH decreased. At pH = 6,
their number was already very low, thanks to which BR46 sorption was not impaired by
electrostatic interactions with the sorbent’s surface.

Despite the cationic nature of BR46, the pH increase above pH = 7 had no positive
effect on its binding onto RH (Figure 2b), presumably due to the increasing concentration
of Na+ cations, which competed with dye cations for free sorption centers.

A similar effect of pH on the BR46 sorption effectiveness has also been noted in studies
on the decolorization of aqueous solutions using citrus peel [42], crop leaves [43] and
granular activated carbons [44].
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The effectiveness of BV10 sorption onto the analyzed sorbent was the highest at pH = 3
and decreased along with pH increase. A significant decrease in its binding effectiveness
was also noted when the pH dropped from pH = 3 to pH = 2 in the system (Figure 2b).

A characteristic feature of the BV10 dye is its carboxyl functional group. Being capable
of easy ionization, it is able to generate a local negative charge in the dye molecule. Owing
to this property, BV10 can behave like an anionic dye in sorption systems despite its
generally cationic nature. This explains the—unusual for the alkaline dye—effect of pH
on its sorption effectiveness, i.e., sorption effectiveness increase along with solution pH
decrease (Figure 2b).

A noticeable decrease in the binding effectiveness of BV10 at pH drop from pH = 3 to
pH = 2 may be due to deionization of the carboxyl group of the dye. The loss of the local
negative charge in the dye’s molecule significantly weakened the electrostatic interactions
with the positively charged surface of RH.

A very similar effect of pH on the BV10 sorption effectiveness, manifested by the
highest intensity noted at pH = 3, has also been demonstrated in studies addressing the
sorption properties of spent tea leaves [45], mealworm molts [46], and activated carbon
from palm bark [47].

Rapeseed husks had a significant effect on the solution’s pH change during sorption
(Figure 2c–f). In the case of the solutions with the initial pH of 4–10, their post-sorption pH
was set within the range of 6.12–6.90, which was due to the material having easily ionizable
alkaline and acidic functional groups.

Alkaline groups (e.g., amino groups) started to undergo protonation at pH < 9. In
an acidic environment, they took protons from hydronium ions, whereas in a neutral or
slightly alkaline environment—from water molecules. In each case, this increased the pH
in the system.

-NH2 + H3O+ → -NH3+ + H2O¯(pH increase in the acidic environment)
-NH2 + H2O → -NH3+ + OH−¯(pH increase in the neutral and slightly alkaline environment).

In turn, acidic functional groups, like carboxylic groups, were deprotonated already at
pH > 3. The proton released by the functional group attached itself to a hydroxyl ion (in
the alkaline environment) or to a water molecule (in the neutral or acidic environment),
causing solution’s pH to decrease.

-COOH2 + OH− → -COO− + H2O¯(pH decrease in the acidic environment)
-COOH + H2O → -COO− + H3O¯(pH reduction in the neutral and slightly acidic environment)

The nature of pH change in the solution depends mainly on the ratio of alkaline groups
to acidic groups on the surface of the sorption material. For this reason, the system always
tends to reach the pH value that is close to the pHPZC (the point of zero charge) of the
sorbent. The PZC determined for RH with the drift method was pHPZC = 6.62. (Figure 2g,h).
This suggests the slightly acidic nature of the sorbent, which may be induced by a higher
number of carboxylic groups than amine groups on its surface.

Further stages of the study described in Sections 3.3 and 3.4 were accomplished at the
optimal sorption pH, which was pH = 2 for the acidic dyes (AR18, AY23) as well as pH = 6
and pH = 3 for the basic dyes (BR46 and BV10, respectively).

3.3. The Kinetics of Dye Sorption onto RH

The time needed to reach sorption equilibrium for the acidic dyes on RH depended on
their initial concentration and ranged from 120 min for their concentration of 250 mg/L
to 150 min for their concentrations of 50–100 mg/L (Figure 3a,b, Table 2). The sorption
intensity of AR18 and AY23 dyes on the tested material was the highest in the initial stage
of the process. After 20 min, the amount of the sorbent-bound AR18 ranged from 59 to 72%
of qe and that of AY23 from 65 to 75% of qe.

A similar sorption equilibrium time has also been noted in studies on the sorp-
tion of AR18 on cellulose flakes (120 min) [38] and activated carbon from poplar wood
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(120 min) [48]. In the case of AY23, a similar equilibrium time was obtained in experiments
determining its removal on chitin flakes (120 min) [41] as well as activated carbon from
coconut coir (120 min) [49].

The sorption time of cationic dyes on the analyzed sorbent ranged from 150 min for
their higher concentrations (250 mg BR46/L/100 mg BV10/L) to 180 min for their lower
concentrations (50–100 mg BR46/L/20–50 mg BV10/L) (Figure 3c,d). As with acidic dyes,
the binding intensity of BR46 and BV10 onto RH was highest in the first minutes of the
process. In the experimental series with BR46, after 20 min of sorption, the amount of dye
bound to RH was 63–68% of qe and that of BV10 was 58–64% of qe.
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Table 2. Kinetic parameters of the sorption of dyes onto RH determined from the pseudo-first
order and pseudo-second order models. Constants determined based on mean values from
three measurements.

Dye
Dye Conc. Pseudo-First Order Model Pseudo-Second Order Model Exp. Data Equilibrium

Time

k1 qe,cal. R2 k2 qe,cal. R2 qe,exp. [min][mg/L] [1/min] [mg/g] - [g/mg·min] [mg/g] - [mg/g]

AR18
50 0.0453 8.01 0.9953 0.0072 8.89 0.9964 8.14 150

100 0.0497 14.97 0.9846 0.0044 16.48 0.9993 15.41 150
250 0.0670 34.50 0.9942 0.0029 37.20 0.9965 35.07 120

AY23
50 0.0548 7.37 0.9883 0.0103 8.06 0.9992 7.56 150

100 0.0621 14.40 0.9889 0.0062 15.62 0.9992 14.77 150
250 0.0733 29.44 0.9759 0.0039 31.55 0.9922 29.82 120

BR46
50 0.0497 8.91 0.9704 0.0075 9.80 0.9964 9.24 180

100 0.0586 17.55 0.9721 0.0047 19.13 0.9979 18.27 180
250 0.0492 38.59 0.9732 0.0017 42.47 0.9968 39.89 150

BV10
20 0.0396 2.49 0.9663 0.0194 2.80 0.9944 2.61 180
50 0.0396 5.63 0.9675 0.0088 6.30 0.9936 5.85 180

100 0.0478 9.54 0.9738 0.0066 10.54 0.9971 9.87 150

A similar sorption equilibrium time was also observed in the studies analyzing BR46
sorption onto sawdust (120 min) [50], coconut shells (120 min) [51], as well as mealworm
molts (150 min) [46] and mealworm exoskeletons (180 min) [46]. In the case of BV10, a
comparable sorption equilibrium time was recorded in the experiments on its binding on
carbonized coconut fibers (150 min) [52], and spent coffee grains (180 min) [53].

In general, shorter sorption times achieved at the higher initial concentrations of dyes
may be due to a higher probability of dye particle collisions with sorbent sorption centers.
Faster saturation of active RH sites resulted in faster reaction completion.

The longer sorption times of the alkaline dyes onto RH, compared to the acidic dyes,
may have been the result of their higher molecular weight (AR18—604.5 g/mol; AY23—
534.4 g/mol vs. BR46—321.4 g/mol; BV10—479.0 g/mol). The smaller particle sizes of
the BR46 and BV10 dyes could theoretically allow them to reach the sorption centers in
deeper sorbent’s layers inaccessible to AR18 and AY23. However, the migration of basic
dye molecules to the active sites located in hardly accessible sites required a relatively large
amount of time. In the case of AR18 and AY23, the dye molecules were likely to quickly
clog the entries to RH pores, which blocked the access to functional groups located in
deeper sorbent’s layers and could speed up sorption completion.

Experimental data from studies on the kinetics of dye sorption onto RH were described
with the pseudo-first order and pseudo-second order models. In each experimental series,
the pseudo-secondary model showed the best fit to experimental data, regardless of the
initial dye concentration (Figure 3, Table 2).

The values of k2 constant and qe determined from the model indicate that for each
tested dye, the intensity of its sorption onto RH increased along with the increase in its
initial concentration. The strong correlation between dye concentrations and sorption rate
constants may indicate a rather weak affinity of the functional groups of dyes to the active
sites of the sorbent.

The sorption kinetics of the analyzed anionic dyes AR18 and AY23 was similar, which
could be due to the same nature of the dyes, their similar molar mass and the same number
of their acidic functional groups. The lower sorption effectiveness of the basic dye BV10
onto RH compared to the BR46 dye may have been caused by the different pHs applied
during sorption as well as by the carboxyl functional group present in dye’s structure,
which is untypical of the acidic dyes.
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The sorption of dyes onto RH was also described using the intraparticular diffusion
model (Table 3, Figure 4). Graphs plotted from the obtained experimental data suggest
that dye sorption onto the tested sorbent proceeded in three main phases. In the first, most
intense but relatively short phase, the dye molecules diffused from the solution to the
sorbent’s area and occupied the most accessible active sites on the RH surface.
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Figure 4. Intraparticular diffusion model of the sorption of: (a) AR18, (b) AY23, (c) BR46, and (d) BV10
onto RH (average + range).

When most sorption centers had been saturated on the sorbent’s surface, phase two
began. In this phase, the dye molecules probably began to occupy active sites located
in more difficult-to-reach sites of RH, such as pores. This phase was characterized by
great competition between dye molecules for free active centers, which, when combined
with a small number of active sites, translated into a lower sorption intensity. When most
sorbent’s sorption centers had been saturated with dye particles, phase three began—the
least intense and the longest in most cases. It consisted in the slow saturation of the last
active sites in the pores of RH [54]. After the third phase, the systems entered into a state of
sorption equilibrium.
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Table 3. Dye diffusion rate constants, determined from the intraparticular diffusion model.
* [mg/(g·min0.5)] Constants determined based on mean values from three measurements.

Dye
Dye

Conc.
Phase I Phase II Phase III

kd1 * Durat. R2 kd2 * Durat. R2 kd3 * Durat. R2

[mg/L] [*] [min] - [*] [min] - [*] [min] -

AR18
50 1.076 30 0.9996 0.655 30 0.9975 0.161 90 0.9913

100 2.122 30 0.9990 0.967 30 0.9969 0.385 90 0.9567
250 5.444 30 0.9964 1.458 30 0.9837 0.520 60 0.(9)

AY23
50 1.066 30 0.9964 0.469 30 0.9990 0.150 90 0.9866

100 2.238 30 0.9983 0.752 30 0.9993 0.253 90 0.9504
250 4.849 30 0.9973 0.951 30 0.9973 0.222 60 0.(9)

BR46
50 1.319 20 0.9931 0.555 70 0.9846 0.164 90 0.9718

100 2.854 20 0.9990 0.932 70 0.9907 0.285 90 0.9959
250 5.758 20 0.9983 2.386 70 0.9939 0.799 60 0.9949

BV10
20 0.342 20 0.9999 0.155 70 0.9966 0.065 90 0.9801
50 0.774 20 0.9996 0.382 70 0.9994 0.126 90 0.9822

100 1.412 20 0.9998 0.575 70 0.9959 0.233 60 0.9996

The values of kd1, kd2 and kd3 constants determined from the intraparticular diffusion
model correlated strongly with the initial dye concentration. This confirms the relatively
low affinity of the tested dyes to the RH functional groups. The longer duration of the first
sorption phase of basic dyes compared to the acidic dyes could be due to the very strong
electrostatic interaction of the negatively charged functional groups of AR18 and AY23
with the positively charged RH surface at pH = 2. In the second phase, when RH pores
were saturated with dye molecules, the alkaline dyes already had a clear advantage over
the acidic dyes due to their smaller particle sizes. This was mainly manifested in the longer
duration of this phase.

3.4. Maximum Sorption Capacity of RH

Experimental data obtained from studies into the maximum sorption capacity were
described with popular sorption models: Langmuir 1 isotherm, Langmuir 2 isotherm, and
Freundlich isotherm (Table 4, Figure 5). An analysis of the values of R2 determination
coefficient shows that the Langmuir models better fitted to the data than the Freundlich’s
model in each experimental series. This suggests that only one molecule of dye could
be attached to one RH active site. In addition, the adsorbed dyes formed the so-called
monolayer on the sorbent’s surface, where the dyes could exchange their sorption centers
among each other.

Table 4. Constants determined from Langmuir 1, Langmuir 2, and Freundlich models (constants
determined based on mean values from three measurements).

Dye

Langmuir 1 Model Langmuir 2 Model Freundlich Model

Qmax Kc R2 Qmax b1 K1 b2 K2 R2 k n R2

[mg/g] [L/mg] - [mg/g] [mg/g] [L/mg] [mg/g] [L/mg] - - - -

AR18 49.37 0.0271 0.9895 49.37 23.60 0.0271 25.77 0.0271 0.9895 5.754 0.375 0.8970
AY23 41.52 0.0231 0.9894 41.52 20.76 0.0231 20.76 0.0231 0.9894 4.511 0.378 0.9054
BR46 55.59 0.0529 0.9986 59.07 12.22 0.0086 46.85 0.0665 0.9993 9.209 0.337 0.9155
BV10 19.78 0.0209 0.9995 20.93 10.08 0.0329 10.85 0.0106 0.9997 1.314 0.493 0.9793



Appl. Sci. 2024, 14, 1174 14 of 19Appl. Sci. 2024, 14, 1174 14 of 20 
 

 

Figure 5. Isotherms of sorption of: (a) AR18, (b) AY23, (c) BR46, and (d) BV10 on RH (average + 

range). Langmuir 1,2, Freundlich models. 

Table 4. Constants determined from Langmuir 1, Langmuir 2, and Freundlich models (constants 

determined based on mean values from three measurements). 

Dye 

Langmuir 1 Model Langmuir 2 Model Freundlich Model 

Qmax Kc R2 Qmax b1 K1 b2 K2 R2 k n R2 

[mg/g] [L/mg] - [mg/g] [mg/g] [L/mg] [mg/g] [L/mg] - - - - 

AR18 49.37 0.0271 0.9895 49.37 23.60 0.0271 25.77 0.0271 0.9895 5.754 0.375 0.8970 

AY23 41.52 0.0231 0.9894 41.52 20.76 0.0231 20.76 0.0231 0.9894 4.511 0.378 0.9054 

BR46 55.59 0.0529 0.9986 59.07 12.22 0.0086 46.85 0.0665 0.9993 9.209 0.337 0.9155 

BV10 19.78 0.0209 0.9995 20.93 10.08 0.0329 10.85 0.0106 0.9997 1.314 0.493 0.9793 

The maximum sorption capacities of RH towards AR18 and AY23 were quite similar 

and reached 49.37 and 41.52 mg/g, respectively. As mentioned earlier, the similar sorption 

effectiveness of these dyes may result from their similar particle sizes and the same num-

ber of acidic functional groups. 

   

   

0

10

20

30

40

50

60

0 50 100 150 200 250 300

Q
 [
m

g
/g

]

Ce [mg/L]

(a)

AR18 - experimental data
Langmuir 1 model
Langmuir 2 model
Freundlich model

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350

Q
 [
m

g
/g

]

Ce [mg/L]

(b)

AY23 - experimental data
Langmuir 1 model
Langmuir 2 model
Freundlich model

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350

Q
 [
m

g
/g

]

Ce [mg/L]

(c)

BR46 - experimental data
Langmuir 1 model
Langmuir 2 model
Freundlich model

0

10

20

30

40

50

60

0 50 100 150 200 250

Q
 [
m

g
/g

]

Ce [mg/L]

(d)

BV10 - experimental data
Langmuir 1 model
Langmuir 2 model
Freundlich model

Figure 5. Isotherms of sorption of: (a) AR18, (b) AY23, (c) BR46, and (d) BV10 on RH (average +
range). Langmuir 1,2, Freundlich models.

In the experimental series with AR18 and AY23, the K1, K2 and KC constants deter-
mined from the Langmuir models 1 and 2 as well as the Qmax and R2 reached the same
numerical values (Table 4), which suggests that only one type of the sorption center played
a major role in the sorption of acidic dyes onto RH. Presumably, this function was played
by the protonated hydroxyl functional groups.

In the experimental series with BR46 and BV10, the Langmuir 2 model was found
to describe experimental data better than the Langmuir 1 model, which suggests at least
two different mechanisms of dye sorption onto RH. In the case of BR46, its sorption
onto RH probably occurred through hydrogen bonds (between hydrogen and nitrogen
atoms and between hydrogen and oxygen) and also through its ionic interaction with the
ionized carboxyl groups. In contrast, the binding of BV10 on the tested sorbent, apart from
hydrogen interactions, could also proceed via electrostatic interactions between the ionized
carboxyl group of the dye and the protonated RH groups.

The maximum sorption capacities of RH towards AR18 and AY23 were quite similar
and reached 49.37 and 41.52 mg/g, respectively. As mentioned earlier, the similar sorption
effectiveness of these dyes may result from their similar particle sizes and the same number
of acidic functional groups.
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In turn, the maximum sorption capacities of the alkaline dyes were determined at
59.07 mg/g and 20.93 mg/g for BR46 and BV10, respectively. As mentioned in Section 3.3,
the lower sorption capacity of the tested sorbent towards BV10 compared to BR46 was
probably due to the acidic functional group (-COOH) being untypical for the basic dye,
which generated the local negative charge. Two opposing charges in the BV10 structure
significantly impaired the possibility of its sorption through electrostatic interactions with
the sorbent’s surface.

The higher sorption effectiveness of the basic dye BR46 onto RH compared to the
acidic dyes AR18 and AY23 may be due to the generally acidic nature of the sorbent
(pHPZC = 6.62), which promotes the binding of cationic sorbates. The smaller size of the
BR46 molecules also contributed to its better sorption effectiveness compared to AR18 and
AY23, which allowed them to occupy active sites inaccessible to the acidic dyes.

The relatively small values of K1 and K2 constants (<0.5), determined from the Lang-
muir 2 model, confirm earlier findings suggesting the low affinity of the dyes to the active
sites of RH. This finding indicates that the sorbent will be able to bind a large amount of dye
only at high concentrations of the sorbate in the solution. In turn, the percentage removal
effectiveness of dyes at their low concentrations will be relatively small in this case.

Table 5 lists the sorption capacities of various biosorbents and activated carbons
towards the dyes analyzed in the present study.

Table 5. Sorption capacity of various biosorbents and activated carbons towards AR18, AY23, BR46,
and BV10 dyes.

Dye Sorbent Sorption
Capacity [mg/g] pH of Sorption Duration of

Sorption [min] References

AR18

Activated carbon WG-12 100 – – [55]
Activated carbon from almond shell 51.6 2 60 [39]
Rapeseed husks 49.4 2 150 This work
Chitosan flakes 39.9 4 180 [38]
Cellulose 29.7 6 120 [38]
Activated Carbon from Poplar Wood 29.41 5 120 [48]
Sargassum glaucescens biomass 15.0 6 60 [56]
Agar 13.6 6 120 [38]
Activated carbon from wood
(polar tree) 3.9 7 120 [48]

Sunflower seed hulls 1.8 3 90 [37]
Coconut shells 0.66 2 45 [51]

AY23

Activated carbon from coconut coir 132.07 6 120 [49]
Rapeseed husks 41.52 2 150 This work
Chitin flakes 24.2 2 120 [41]
Sawdust 4.7 3 70 [40]
Sunflower seed hulls 2.3 3 90 [37]
Coconut shell activated carbon 2.3 1.7 60 [57]
Coconut shells 0.53 2 45 [51]

BR46

Granular activated carbon 333.3 8 <60 [44]
Activated carbon from biomass 65.7 7 90 [58]
Rapeseed husks 59.1 6 180 This work
Spent green tea leaves 58 6 240 [45]
Lemon peels 54 6 240 [42]
Molts of mealworm 50.9 6 150 [46]
Coconut shells 49.4 6 120 [51]
Active carbon ROW 08 45 8 60 [59]
Paulownia tomentosa tree leaves 43.1 8 72 [43]
Exoskeletons of mealworm 31.5 6 180 [46]
Nut sawdust 30.1 7 - [60]
Bone meal 24.6 6 90 [61]
Wood sawdust 19.2 - 120 [50]
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Table 5. Cont.

Dye Sorbent Sorption
Capacity [mg/g] pH of Sorption Duration of

Sorption [min] References

BV10

Palm shell-based activated carbon 30 3 - [47]
Activated carbon from jute fiber 28 8 220 [62]
Spent green tea leaves 26.7 3 240 [45]
Rapeseed husks 20.9 3 180 This work
Banana peels 20.6 7 1440 [63]
Cedar cones 17.2 5 480 [64]
Coconut fiber 14.9 9.2 90 [65]
Sugar cane fiber 10.4 - - [66]
Molts of mealworm 6.44 3 210 [46]
Lemon peels 5.7 3 240 [42]
Mango leaves (powder) 3.3 - 50 [67]
Orange peels 3.2 4 - [42]
Coal-fired coconut fiber 2.6 6.5 150 [52]
Powdered coffee 2.5 2 180 [53]

The sorption effectiveness of AR18 and AY23 dyes on the tested rapeseed husks
is higher than on other investigated sorbents based on plant biomass, such as sawdust,
seed husks or coconut shells (Table 5). Interestingly, the sorption capacity of RH towards
the acidic dyes is higher than the sorption capacities of chitin sorbents and also certain
activated carbons.

The sorption of BR46 and BV10 dyes onto RH is more effective than their sorption on
most plant biomass sorbents, such as sawdust, leaves, nut shells or fruit skins (Table 5). As
with acidic dyes, the sorption effectiveness of alkaline dyes onto RH is higher than of the
selected activated carbon-based sorbents. RH is inferior only to commercial sorbents.

The high sorption capacity of RH towards both acidic and basic dyes suggests the
possibility of using this unconventional sorbent as a cheaper alternative to the currently
used commercial activated carbons. Since RH are characterized by lower sorption efficiency
than commercial activated carbons, their actual dose used in water decolorization processes
should be higher. A certain limitation of this biosorbent could also be its higher suscep-
tibility to mechanical damage and the ability to putrefy compared to activated carbons.
In addition, such a sorbent could be used only once because RH regeneration involving
dye desorption would be rather cost-ineffective. Rapeseed husks used in the dye sorption
process can be dried and co-combusted in heating plants or electrical power and heating
stations, which will ensure energy recovery from the material. An alternative means of
managing the spent sorbent from rapeseed husks may be to use it as a good raw material
for the production of activated carbon, which can also be used for wastewater treatment.

4. Conclusions

Rapeseed husks can serve as a cheap sorbent for both anionic and cationic dyes. The
maximum sorption capacity of RH towards AR18 and AY23 acidic dyes was 49.37 and
41.52 mg/g, respectively, while towards BR46 and BV10 basic dyes it reached 59.07 mg/g
and 20.93 mg/g, respectively.

A prerequisite for achieving a high effectiveness of dye sorption onto RH is the
appropriate pH of the solution during the process. The optimal pH for the sorption of
AR18 and AY23 acidic dyes was established at pH = 2, whereas that of BR46 and BV10 basic
dyes—at pH = 6 and pH = 3—respectively.

The pH of the solutions was observed to change during dye sorption onto rape-
seed husks. The system always tended to achieve pH close to the pH PZC value of RH
(pHPZC = 6.62). The slightly acidic character of rapeseed husks is probably due to the
higher ratio of carboxylic groups to amino groups on the sorbent’s surface.

The time needed to reach the sorption equilibrium of dyes onto RH depended on their
initial concentration and ranged from 120 to 150 min for the acidic dyes and from 150 to
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180 min for the basic ones. Shorter sorption equilibrium times were achieved at higher
concentrations of dyes, which is associated with a higher probability of dyes colliding with
sorption sites and their faster saturation.

Data obtained from the Langmuir 1 and Langmuir 2 experimental models indicate that
only one type of the sorption center, which is presumably the protonated amine groups,
played the main role in AR18 and AY23 sorption onto RH. In turn, the binding of basic dyes
onto RH took place via at least two different mechanisms. In the case of BR46, it presumably
proceeded via hydrogen bonds as well as electrostatic interactions with the ionized carboxyl
groups on the sorbent’s surface. In the case of BV10, in addition to hydrogen bonds, the
binding occurred through the ionic bonds between the carboxyl group of the dye and the
protonated functional groups of RH.
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