iriciedl applied
1 sciences

Article

The Use of Beech Bark (Latin: Fagus sylvatica) and Birch Bark
(Latin: Betula pendula Roth) for the Removal of Cationic Dyes
from Aqueous Solutions

Urszula Filipkowska *¥/, Tomasz Jozwiak *©/, Magdalena Filipkowska and Magdalena Deptula

check for
updates

Citation: Filipkowska, U.; Jézwiak, T.;
Filipkowska, M.; Deptuta, M. The Use
of Beech Bark (Latin: Fagus sylvatica)
and Birch Bark (Latin: Betula pendula
Roth) for the Removal of Cationic
Dyes from Aqueous Solutions. Appl.
Sci. 2024, 14, 6128. https:/ /doi.org/
10.3390/app14146128

Academic Editors: Luz Marina Ruiz

and Miguel Angel Gémez

Received: 12 June 2024
Revised: 5 July 2024

Accepted: 11 July 2024
Published: 14 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Environmental Engineering, University of Warmia and Mazury in Olsztyn, Warszawska St. 117a,
10-957 Olsztyn, Poland; magdalenafilipkowskal@gmail.com (M.F.); magda.dep96@gmail.com (M.D.)
* Correspondence: urszula filipkowska@uwm.edu.pl (U.E); tomasz.jozwiak@uwm.edu.pl (T.].)

Abstract: The aim of this work was to determine the sorption capacity of the cationic dyes Basic
Red 46 (BR46) and Basic Violet 10 (BV10) on the prepared sorbents: beech bark (BBe) and birch bark
(BBi). Two fractions of bark were used in the research: fine (2-3 mm) and coarse (4-5 mm). The
carried out tests made it possible to determine the influence of the pH value on the sorption efficiency,
the sorption equilibrium time and the maximum sorption capacity of the two tested sorbents. The
Langmuir model and the Freundlich model were used to describe the obtained experimental data.
Beech and birch barks are effective sorbents for cationic dyes; however, the efficiency of dye sorption
on both bark sorbents depends on the type of cationic dye. According to the obtained data, beech and
birch bark sorbents showed higher sorption efficiency for Basic Red 46 than for Basic Violet 10. The
pH correction was a necessary condition for sorption, and the sorption pH value for the cationic dyes
Basic Red 46 and Basic Violet 10 was be determined individually for each dye. The most favourable
pH value for the sorption of the BR46 dye on the beach and birch bark sorbents was pH = 6, while for
the dye BV10, it was pH = 3. The sorption equilibrium time for Basic Red 46 was 300 min and for
Basic Violet 10-240 min. The fine fraction of beech bark had the highest sorption capacity for both
BR46 (128.45 mg/g dry matter) and BV10 (18.07 mg/g dry matter).

Keywords: beech bark; birch bark; Basic Red 46 (BR46); Basic Violet 10 (BV10)

1. Introduction

Colouring compounds in industrial wastewater pose a threat to the environment
as they are not only very difficult to remove, but are also hazardous due to their toxic
properties, low biodegradability and intense colour. Their presence in surface waters
significantly affects the entire ecosystem by interfering with the process of photosynthesis,
thus causing a direct, harmful effect on living organisms [1]. These compounds are also
harmful to the human body and can cause various diseases. Cationic dyes can change the
colour of water at concentrations as low as 0.1 mg/L, which impairs the transparency of
water bodies [2].

Conventional biological wastewater treatment plants are not able to deal with this
type of pollution with sufficient efficiency [3]. In addition, the degradation products of
colourants are very toxic and mutagenic for fauna and flora. Therefore, new, more efficient
systems for the removal of dyes from industrial wastewater are being sought.

Various biological, chemical and physical methods for the treatment of wastewa-
ter containing dyes, such as chemical coagulation [4,5], electrocoagulation [6-9], ion ex-
change [10,11], activated sludge [12,13], biodegradation [14-17], photocatalysis [18-20],
advanced oxidation [21-24], UV /HO, process [25], membrane processes [26-29], osmo-
sis [30] or nanofiltration [31-34], are widely described in the literature.

The advantages of adsorption in the abovementioned methods of dye removal are
its low cost, which is often limited to the cost of the sorbent or its transport; the effec-

Appl. Sci. 2024, 14, 6128. https:/ /doi.org/10.3390/app14146128

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14146128
https://doi.org/10.3390/app14146128
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0140-6558
https://orcid.org/0000-0003-3360-9827
https://doi.org/10.3390/app14146128
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14146128?type=check_update&version=2

Appl. Sci. 2024, 14, 6128

20f17

tive removal of toxic substances; and the fact that no additional reagents are required.
In addition, adsorption does not cause sludge formation or salinisation of the wastew-
ater. After the adsorption process, the colourants can be easily and quickly separated
from the purified solution together with the adsorbent. This technology is considered
environmentally friendly.

The efficiency of adsorption depends on the specific surface area of the sorbent, the pH
value of the purified solution, the initial concentration of the solution, the process duration
and the molar mass of the adsorbate. It is also important to choose the right adsorbent
depending on the type of impurity.

Sorbents can be waste materials that are often a by-product of industrial processes and
do not have a high commercial value. Wastes from which sorbents with a high efficiency of
pollutant removal can be obtained are usually sought in the food industry, agriculture and
wood processing. These industries produce large quantities of seeds, husks, sawdust, bark and
pomace that can be used as sorbents. These by-products consist largely of polymers—cellulose
and lignin as well as hemicellulose—which contain many functional groups that can form
bonds with colourants.

Tree bark or sawdust is waste that is produced during wood processing. These prod-
ucts have recently become increasingly popular as sorbents due to their low cost, high
availability and good sorption properties [35]. The cost of bark and sawdust from forestry
waste is usually only related to the cost of transport from the place of storage to the place of
use. The binding of pollutants by bark or sawdust can be achieved by physical or chemical
adsorption [36,37]. The fundamental factor influencing the occurrence and efficiency of the
sorption process is the specific chemical structure of the bark. The structure of the bark
consists mainly of organic compounds, i.e., cellulose (about 45%), hemicellulose (about
30%) and lignin (approx. 20%), as well as proteins, starch and tannins [38]. Sawdust is char-
acterised by the presence of functional hydroxyl (-OH) and aldehyde (-CHO) groups, which
enable the binding of impurities (e.g., dyes) [39]. Data from the literature show that sawdust
can be successfully used as a sorbent to remove dyes from industrial wastewater [40—46].

The aim of the research presented in this work was to determine the possibility of
using bark waste from the wood industry as a sorbent. Two types of bark were used for
the investigation: beech and birch. Two sizes of bark were used in the study, 1-2 mm and
3—4 mm, to determine whether it is justified to shred the bark to achieve higher sorption
performance. This study was carried out with two cationic dyes with different chemical
structures: Basic Violet 10 and Basic Red 46.

2. Materials and Methods
2.1. Sorbents

The bark of beech (lat. Fagus sylvatica) and birch (lat. Betula pendula Roth) was used
in the study. Each type of bark was tested in fine fractions (1-2 mm) and coarse frac-
tions (3—4 mm). The composition of the sorbents used in this study was analysed with
the ANKOM 200 Fiber Analyser (ANKOM Technology, New York, NY, USA) using the
“Acid Detergent Fiber Method (ADF Method 5)” (method for acid detergent fibres). The
characteristics of the bark are shown in Table 1.

Table 1. Characteristics of sorbents used in this study.

Component Beech Bark Birch Bark
Lignin [%] 32.87 40.30
Cellulose [%] 30.49 25.20
Hemicellulose [%] 32.34 30.50
Ash; mineral substances; other ingredients [%] 4.30 4.00

2.2. Sorbates (Dyes)

Dyes of cationic class from ZPB “Boruta” SA were used in our research due to its
widespread use in the industry. Table 2 shows the chemical characteristics of the dyes tested.
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Table 2. Characteristics of the dyes tested.

Dye Basic Violet 10—(BV10) Basic Red 46—(BR46)
H3(:W
H:C N o N £Hs N— N N’CH3
O <N \
Structural formula ':\L’N N CHyCeHs
\ -
CHs Br
Molar mass 479 g/mol 401 g/mol
Summaric formula CpygH31CIN,O3 Ci1gH1BrNg
Amax 554 [nm] 530 [nm]
Type of dye cationic cationic
Application dyeing paper, leathc?r, cotton; dyeing qf fibers z.m(?l synthetic
paint production fibers; printing

2.3. Preparation of Sorbents

The bark was cleaned and ground in an electric mill into two fractions (fine 1-2 mm
and coarse 3-4 mm). The sorbent was sieved through laboratory sieves and then rinsed
with distilled water and kept in tightly closed containers at a temperature of 4 °C.

Four biosorbents were used in the study:

—  Beech bark—fine fraction (BBeF);

— Beech bark—coarse fraction (BBeC);
—  Birch bark—fine fraction (BBeF);

—  Birch bark—coarse fraction (BBeC).

2.4. Preparation of Dyes

A total amount of 1000 mg of dye was weighed into a beaker on an analytical balance.
Distilled water was then poured to fill 60-70% of the volume of the beaker. After dissolving
the dye, the contents of the beaker were quantitatively transferred to a volumetric flask with
a capacity of 1000 mL and filled to the line. The procedure for preparing basic solutions
was carried out identically for both of the tested dyes.

Working solutions with concentrations of 10-500 mg/L were produced from the
prepared basic solutions. The pH correction of the working solutions was carried out with
0.1M NaOH and 0.1M HCL

The determination of the dye concentration in the solution was carried out using the.
UV-3100 PC—UV /Visible spectrophotometer (VWR spectrophotometers, VWR Interna-
tional LLC., Mississauga, ON, Canada)

2.5. Effect of the pH Value on the Efficiency of Dye Sorption

Beech and birch barks were weighed and put into 80 Erlenmeyer flasks with a capacity
of 250 mL in two fractions in an amount of 0.1 g DM (Table 3). Then, previously prepared
dye working solutions (100 mL) with a pH of 2-11 were added to the Erlenmeyer flasks
and placed on a laboratory shaker model SK71 with a mixing speed of 120 rpm for 120 min.
After the specified time, samples of the solutions were taken with an automatic pipette
(10 mL) into the previously prepared polypropylene tubes. The pH of the solutions and the
concentration of the remaining dye were measured after the sorption process. A HI 221 pH
meter (Hanna Instruments Woonsocket, RI, USA) was used to measure pH. The UV-3100
PC—UV /Visible spectrophotometer (VWR spectrophotometers, VWR International LLC.,
Mississauga, ON, Canada) was used to determine the dye concentration in the solutions.
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Table 3. Test parameters—influence of pH on the efficiency of dye sorption.
Conc. of Dye . Sorbent Dose Mixing Speed Sorpt. Time Temp.
Dye [mg/L] pH of Dye Solutions [g DM/L] [r.p.m] [min] °C]
BV10 5 2/3/4/5/6/7/8/9/10/11 1 120 120 22
BR46 50 2/3/4/5/6/7/8 1 120 120 22
2.6. Research to Determine the Equilibrium Time
A total of 0.5 g dry mass of the sorbent was weighed and put into a series of beakers
with a capacity of 600 mL. Dye solutions of 500 mL were then added and the laboratory
beakers containing the material to be tested were placed on a multistage magnetic stirrer
(M5 53M) with a stirring speed of 120 rpm. During the sorption process, samples (5 mL)
were taken from the solutions at fixed intervals to determine the dye remaining in the
solution. The parameters of the studies to determine the sorption equilibrium time are
presented in Table 4.
Table 4. Test parameters—the sorption equilibrium time.
Sorbent Dose (for Sampling Time Mixing
Sorbent  Dye COI[‘:I'I o/fL]])ye pH of Dye Solutions All Series) (for All Series) Speed ]E?S]P
& [g DM/LI [min] [rp.m.]
BBeF BV10 5
N Optimal, determined 0, 5, 10, 20, 30, 45,
BBeC BR46 50 ) .
: for each dye in point 1 60, 90, 120, 150, 120 22
BB BVl > 2 180, 240, 300, 360
BBiC  BR46 50 & r 240,300,
2.7. Determination of the Maximum Sorption Capacity
A total of 0.5 g of sorbent (BBeF, BBeC, BBiF, BBiC) was weighed into Erlenmeyer
flasks with a capacity of 250 mL. Then, dye solutions (100 mL) with concentrations of
10-500 mg/L and with the optimum pH determined in Section 2.5 were added to the flasks
and the flasks were placed on the shaker for the sorption equilibrium time determined in
Section 2.4. After completion of the sorption process, samples of 10 mL were taken from
the solutions to determine the concentration of dye remaining in the solution. The most
important parameters of the test series are listed in Table 5.
Table 5. Test parameters—determination maximum sorption capacity.
Sorbent Dose . . Mixing
Sorbent  (for All Series) Dye Dye Conc. [mg/L] pH Of. the Samplu}g Time Speed T%mp.
Solutions [min] [°C]
[g/L] [rp.m.]
BBeF Optimal, Equilibrium time
BBeC 1 BV10 10, 50, 75, 100, determined determined for 120 2
BBiF BR46 200, 300, 400, 500 for each dye each dye in
BBiC in point 2.5 Section 2.6

2.8. Calculation Methods

The amount of sorbed dye on the sorbent calculated according to Formula (1):

Qe= G =SV M
m
Qe—Mass of the sorbed dye [mg/g DM];
Co—Initial dye concentration [mg/L];
Cs—Concentration of dye after sorption [mg/L];
V—Volume of solution [L];
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M—Sorbent mass [g DM].

The kinetics of dye sorption onto tested sorbents was described using pseudo-first-
order (2), pseudo-second-order (3) and intraparticular diffusion (4) models:

7=q.x (1—e) @
— (kz X qez X t) (3)
1= (14+ky X ge X t)
q = kig x £ (4)
g—Instantaneous value of sorbed dye [mg/g];
ge—The amount of dye sorbed at the equilibrium state [mg/g];
t—Time of sorption [min];
ki;—Pseudo-first-order adsorption rate constant [1/min];
ko—Pseudo-second-order adsorption rate constant [g/(mg x min)];
kiq—Intraparticular diffusion model adsorption rate constant [mg/(g x min®?)].
In this study, two sorption models were used to describe the data:
Langmuir’s isotherm (5):
Qmax Kc-Ce
— x 2 e 5
Qe 14+ Kc-Ce ©)
Qe—Equilibrium amount of sorbed dye [mg/g DM];
Qmax—Maximum sorption capacity [mg/g DM];
Kc—Constant used in the Langmuir’s equation [L/mg];
Ce—Concentration of dye remaining in the solution [mg/L].
Freundlich’s isotherm (6):
Qe = K-C¢ (6)

Qe—Actual sorption of sorbate on the sorbent [mg/g DM];
K—Sorption equilibrium constant used in Freundlich’s model;
Ce—Concentration of dye remaining in the solution [mg/L];
n—Heterogeneity parameter.

3. Results and Discussion
3.1. FTIR Analysis

The FTIR spectra of birch bark and beech bark are very similar, suggesting a similar
chemical composition (Figure 1).

The spectra show bands that are characteristic of lignocellulosic materials. Peaks in the
kayarange of 1440-850 cm ™! are typical for polysaccharides. The peaks at 1028 cm~! and
1156 cm~! are due to the glycosidic C-O-C bond between the pyranose and hemicellulose
rings [47-49]. The peaks at 1100 cm ! and 890 cm ! indicate stretching of the saccharide
skeletons of the holocellulose rings [50,51]. Additionally, specific to cellulose and hemi-
cellulose are the peaks at 1440 cm~! and 1368 cm ™!, which correspond to the bending
vibrations -CHj, and the peak at 1316 cm ™!, which corresponds to the wave vibrations
-CH; [52].

Lignin is characterised by peaks at 1240 cm~! and 1510 cm ™!, which are due to the
presence of C-O and C=C bonds in the area of the lignin benzene rings [47,53] as well as
the peak at 1604 cm~!, which is related to the vibrations of these aromatic rings [51]. The
content of lignin in the bark biomass is also indicated by the typical peak at 1734 cm ™!,
indicating the presence of C=0 carbonyl bonds in the structure [54].
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Figure 1. FTIR spectra for birch bark and beech bark.

The peaks at 2924 cm~! and 2853 cm ™! can be traced back to the asymmetric and
symmetric tensile vibrations of the -CHj, groups, which originate from the aliphatic struc-
tures of holocellulose and lignin [55,56]. The broad band at 3500-3000 cm ! is due to
the stretching of the O-H bond of hydroxyl functional groups present in both saccharides
and lignin.

3.2. Effect of pH on the Efficiency of Dye Sorption

Figure 2 shows the sorption efficiency of BR46 BV10 dyes on BBeF and BBiF sorbents
as a function of the initial pH of the dye solution. In the case of BR46, the tests were
performed in the pH range of 2-8, as discolouration of the solution was observed at an
initial pH > 8. The study shows that an increase in the removal efficiency of Basic Red 46
was observed with increasing pH. The efficiency of sorption of BR46 pigment on both bark
types increased with increasing pH = 5. A further increase in pH did not lead to an increase
in the sorption efficiency of BR46 (Figure 2a).
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Figure 2. The influence of pH on the sorption efficiency of dyes (a) BR46 and (b) BV10.

The functional groups of the sorbent from beech bark and birch bark were protonated
at low pH. This resulted in the sorbent acquiring a positive charge. The positively charged
surface of the sorbent repelled molecules of the cationic dye Basic Red 46 electrostatically,
which had a negative effect on sorption, explaining the lowest sorption efficiency of BR46
atpH 2.

A different process was observed with the second tested dye, BV10. It was also a
cationic dye, but the highest sorption efficiency was observed at pH 3 (Figure 2b). As with
BR46, the sorption efficiency of BV10 was compared for both sorbents.

Basic Red 46 and Basic Violet 10 are cationic dyes, but the effect of initial pH on the
sorption efficiency of the two dyes was different. These differences may be due to the
different chemical structure of the dyes.

One feature of Basic Violet 10 is the presence of an acidic carboxyl group, which could
lead to electrostatic attraction of the functional carboxyl group (COO™) of BV10 by the
positively charged surface of the sorbent at low pH.

On the other hand, the lower sorption of the BV10 dye at higher pH could be due to
the negative charge of the sorbent and the mutual repulsion of the dye molecules and the
sorbent surface.

The pHpzc values determined using the “drift” method for birch bark and beech bark
were, respectively, pHpzc = 5.55 and pHpzc = 5.77 (Figure 3). The values obtained indicate the
slightly acidic nature of the sorbents tested. This is probably due to the fact that these materials
have a larger number of acidic functional groups (e.g., carboxyl, sulfonic acid) compared to
basic groups (e.g., amino). The acidic nature of bark-based materials indicates potentially
good sorption properties compared to cationic sorbates (including BR46 and BV10).

0.1

beech fine particles
birch fine particles

beech fine particle
birch fine particles

7 8 9 10 11 12

56 565 5.7 575 .8 5.85

-0.05

Initial pH Initial pH
(a) (b)

Figure 3. (a,b) pHpyc of the tested sorbents determined with the “drift” method.
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3.3. Kinetics of Dye Sorption

In the study, the equilibrium time of sorption of BR46 and BV10 dyes on the bark of
beech and birch trees was determined as a function of the fraction. The sorption processes
were carried out at an optimum pH value, which was pH =5 for Basic Red 46 and pH = 3
for Basic Violet 10.

The studies to determine the sorption equilibrium time for both dyes were carried
out for the BR46 solution at a concentration of 50 mg/L and for the BV10 solution at a
concentration of 5 mg/L (Figure 4).

100 @ © beech fine particles 100 ¢ < beech fine particles
+ beech coarse particles ¢ ¢ beech coarse particles
a0 ¢ o birch fine particles 80 % o O birchfine particles
- p e birch coarse particles = 9 e birch coarse particles
= < = Ve o
] 2 60 o e
) 60 . E> ot . : @ .
5 s, g ° e 38 3 g 8
g 40 RG] [ ] g 40
& ©40 @ . &
o* O ®
20 s 9 e e . . . 20
< & b4 g g g
0 0
0 100 200 300 400 0 100 200 300 400
time [min] time [min]
(@) (b)
Figure 4. Sorption equilibrium time for (a) BR46 and (b) BV10.

Based on the studies carried out, the equilibrium time of 300 min for BR46 and 240 min
for BV10 was assumed (Figure 4). The longer sorption time of the BR46 dye (300 min) may
be due to its lower molar mass, which led to a longer time of filling the sorption centres by
dye molecules. On the other hand, the shorter sorption time of the BV10 dye may indicate
a higher molar mass, which had a limited ability to reach the sorption centres due to the
size of the molecules.

Experimental data from studies on the sorption kinetics of BR46 and BV10 on bark-
based sorbents were described using pseudo-first- and pseudo-second-order models
(Table 6, Figure 5). In each series of experiments, regardless of the type of sorbent and
dye, the best agreement with the obtained data was demonstrated by the pseudo-second-
order model, which is typical for the sorption of cationic dyes on plant biomass.

Table 6. Kinetic parameters of dye sorption onto BBeC, BBeF, BBiC and BBiF.
Pseudo-First-Order Model Pseudo-Second-Order Model Equil
Dye 2 2 Exp. Data quk.
(Initial Conc) SOtbent _ ka Qe cal) R ko decal) R Time
[1/min] [mg/g] - [g/mg x min]  [mg/g] - [mg/g] [min]
BBeC 0.0564 42.55 0.9665 0.0018 46.19 0.9975 45.10 300
BR46 BBeF 0.0678 44.33 0.9669 0.0021 47.80 0.9980 46.99 300
(50 mg/L) BBiC 0.0277 40.89 0.9773 0.0008 46.45 0.9969 43.01 300
BBiF 0.0328 43.12 0.9712 0.0009 48.24 0.9955 45.34 300
BBeC 0.0373 2.50 0.9842 0.0899 2.79 0.9986 2.62 180
BV10 BBeF 0.0418 2.69 0.9951 0.0195 2.97 0.9946 2.74 180
(5mg/L) BBiC 0.0409 1.98 0.9425 0.0271 2.18 0.9858 2.10 180
BBiF 0.0277 2.04 0.9764 0.0159 2.30 0.9926 2.11 180
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Figure 5. Sorption kinetics of BR46 onto (a) beech fine particles, (b) beech coarse particles, (c) birch
fine particles and (d) birch coarse particles and sorption kinetics of BV10 onto (e) beech fine particles,
(f) beech coarse particles, (g) birch fine particles and (h) birch coarse particles. Pseudo-first-order

model and pseudo-second-order model.
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The data from studies on the kinetics of dye sorption on BBeF, BBeC, BBiF and BBiC
were also described using an intraparticular diffusion model. The analysis of the constants
determined from a specific model showed that the sorption of dyes on the sorbents tested
took place in three phases in each test series (Table 7, Figure 6).

50 . 50 -
g -C * < 5 e (=
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40 '..‘,!' 40 + ..._,.
) /.
30 30 A
) )
E’ 20 ®  experimental data g 20 1 ®  experimental data
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0 t t t t t t t 1 0 t t t t t 1
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Time%5[min%5] Time%5 [min®3]
(a) (b)
50 50 +
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Y. S e--¢
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Figure 6. Intraparticular diffusion model of the sorption of BR46 onto (a) beech fine particles, (b) beech
coarse particles, (c) birch fine particles and (d) birch coarse particles and sorption of BV10 onto (e) beech
fine particles, (f) beech coarse particles, (g) birch fine particles and (h) birch coarse particles.
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Table 7. Rate constants of BR46 and BV10 diffusion determined from a simplified intraparticular
diffusion model (sorbent dose = 5 g/L); * [mg/(g-min®?)].

Dye
(Initial Conc.)

Sorbent

PHASE 1 PHASE 2 PHASE 3

ka1 Time R? ka2 Time R? ka3 Time R?

* [min] - * [min] - * [min] -

BR46
(50 mg/L)

BBeC
BBeF
BBiC
BBiF

5.940 30 0.9895 1.758 60 0.9501 0.472 210 0.9804
6.553 30 0.9811 1.638 90 0.9449 0.353 180 0.9724
4278 45 0.9990 2.308 75 0.9923 0.810 180 0.9634
4.461 60 0.9908 1.621 120 0.9721 0.467 120 0.9973

BV10
(5mg/L)

BBeC
BBeF
BBiC
BBiF

0.314 20 0.9823 0.213 40 0.9997 0.069 120 0.9901
0.344 45 0.9949 0.118 45 0.9824 0.029 90 0.9044
0.287 10 0.997 0.174 35 0.9955 0.082 135 0.9964
0.222 20 0.9967 0.164 70 0.9889 0.071 90 0.9652

The first phase of sorption was the shortest but was characterised by the highest
efficiency. In this phase, the dye cations diffused from the solution onto the surface of the
sorbent and the most accessible active sites were occupied by the sorbate. When most of
the sorption centres on the surface of the sorbent material were already saturated, phase
2 began, in which the dye ions competed for the remaining free active sites. Due to the
very limited number of remaining sorption sites, phase 2 showed a much lower sorption
intensity than phase 1. When the sorbent only had free active sites in its deeper layers, phase
3 began. Due to the difficult access to the last few active sites, this phase was characterised
by the longest duration and the lowest intensity. Once all available sorption centres were
saturated, the system entered a state of equilibrium.

The values of ge (Table 6) and kd1 (Table 7) determined from kinetic models suggest
that the finer cortical fraction (BBeF, BBiF) has a much better availability of sorption centres
for dyes than the coarse fraction (BBeC, BBiC).

3.4. Sorption Capacity of Beech and Birch Barks

Two sorption models such as the Langmuir and Freundlich isotherms were used to
describe the sorption capacity of beech and birch barks. The experimental data and sorption
isotherms as well as the constants determined from both models are shown in Figures 7 and 8
and Table 8.

The Langmuir isotherm, which describes the single-layer adsorption of sorbate on the
sorbent, clearly better describes the obtained experimental data. The R? values presented
in Table 8 show that regardless of the type of sorbent, its fineness or the type of dye, the R?
values obtained for the Langmuir isotherm were higher and ranged from 0.999 (BBiC-BR46)
to 0.991 (BBiC-BV10), while for the Freundlich isotherm, the R? values ranged from 0.896
(BBiC-BR46) to 0.7761 (BBeF-BV10). This suggests that bark-based sorbents, regardless of
their type, adsorb dyes in a single layer.

Table 8. Test parameters—sorption capacity of the sorbents.

Isotherm

Basic Red 46 Basic Violet 10
BBeF BBeC BBiF BBiC BBeF BBeC BBiF BBiC

Langmuir

Freundlich

Qmax [mg/g DM] 131.5 123.0 111.7 111.2 18.0 17.3 16.5 15.9
K¢ [L/g DM] 0.088 0.066 0.091 0.056 0.286 0.229 0.145 0.130

RZ
n[-]

0.998 0.995 0.994 0.999 0.994 0.998 0.994 0.991
0.265 0.267 0.230 0.282 0.144 0.154 0.170 0.174

K [(mg g DM~1)(L/g DM)"] 30.07 26.9 29.3 2.1 827 748 636 599

RZ

0.879 0.894 0.855 0.896 0.761 0.800 0.786 0.768
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Figure 7. Experimental data and isotherms determined from the Langmuir and Freundlich equations
for dye BR46: (a) beech fine particles, (b) beech coarse particles, (c) birch fine particles and (d) birch

coarse particles.
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Figure 8. Experimental data and isotherms determined from the Langmuir and Freundlich equations
for dye BV10: (a) beech fine particles, (b) beech coarse particles, (c) birch fine particles and (d) birch

coarse particles.
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As far as sorption capacity is concerned, such general conclusions cannot be drawn.
The research carried out showed a clear dependence of the sorption capacity obtained on
the type of dye, which is much weaker than the type of sorbent. The highest sorption
capacities were obtained for the beech bark sorbent and BR46 dye. The sorption capacity of
fine fraction of the beech bark in relation to the BR46 dye was 131.5 mg/g DM, and for the
coarse fraction of the beech bark was 123.0 mg/g DM. The sorption capacities of the birch
bark sorbent were slightly lower: 111.7 mg/g DM for the fine fraction and 111.2 mg/g DM
for the coarse fraction.

The sorption capacity in relation to the Basic Violet 10 dye was significantly lower
regardless of the type of bark used and ranged from 18.0 mg/g DM for the fine fraction of
beech bark to 15.9 mg/g DM for the coarse fraction of birch bark (Table 8). The values of
the Kc constants, which describe the affinity of the sorbate for the sorbent, were an order of
magnitude higher for BV10 compared to BR46. It can be seen that in case of BR46, the Kc
value was influenced by the fraction of the sorbent. For the bark with a fraction of 1-2 mm,
the value of the Kc coefficient describing the affinity was higher than the value of K¢ for
the fraction of 34 mm and was 0.088 L/g DM and 0.066 L/g DM and 0.091 L/g DM and
0.056 L/g DM, respectively.

Table 9 presented below summarises the sorption properties of various unconventional
biosorbents in relation to the tested cationic dyes BR46 and BV10. The obtained data show
that cationic dyes are not absorbed with high efficiency, especially on organic or mineral
sorbents. The sorption capacities determined in the study for two types of beech and birch
barks proved to be satisfactory. The application advantage of the proposed sorbents is of
course the possibility of further utilisation of the bark, e.g., for energy purposes.

Table 9. Summary of sorption properties of various unconventional biosorbents.

D Sorbent Sorption Capacity S Tin:.e H S
ye orben [mg/g DM] ([)rp. ion P ource
min]
beech tree bark 131.5 300 5 own research
birch tree bark 111.7 300 5 own research
ceramic clay 28.05 120 6 [57]
rapeseed husks 49.00 60 8 [58]
bone meal 24.56 90 6 [59]
. 32.26 (180 °C)
biochar prepfarlgd fr%m C};rytsanthemum 49,5 (200 °C) 60 10 [60]
BRA6 morifolium Ramat straw 53.19 (220 °C)
clay-wood sawdust mixture 30.12 30 7 [61]
pyrolyzed by-product biomass 135.0 5 7.5 [62]
41.3 (293 K)
carbon and silica-based composite 87.31 (313 K) 120 47 [1]
176.1 (333 K)
- 54.0 (raw) 10 (raw)
raw and purified clay 720 (purified) 20 (purified) 6 [63]
beech tree bark 18.0 240 3 own research
birch tree bark 17.3 240 3 own research
cedar cone 17.2 480 5 [64]
exhausted coffee ground 2.5 180 2 [65]
BV10 fly ash 1.9 4320 [66]
sugarcane bagasse 88.7 - 4 [67]
pine bark—-compost 126 - [68]
compost 41.7 1440 5.3 [69]
banana peels 9.5 60 2 [70]

4. Conclusions

The effectiveness of sorption of dyes on the bark of beech and birch sorbent depends
on the type of cationic dye. The tested sorbents showed a higher sorption efficiency of Basic
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Red 46 than Basic Violet 10. The bark of beech and birch trees has proven to be an effective
sorbent for cationic dyes.

The pH correction is a prerequisite for sorption. The pH value of sorption for the
cationic dyes Basic Red 46 and Basic Violet 10 should be determined individually.

The time of equilibrium for sorption of dyes on the beech and birch bark sorbent
depends on the type of dye and must be redetermined each time. This is due to differences
in the type of dye and its molar mass.

The adsorption of cationic pigments on beech and birch barks occurs in a single layer,
as evidenced by a better fit of the experimental data to the Langmuir isotherm.
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