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Abstract

A new method of synthesis was developed for the preparation of sorbent basic bismuth nitrate [BigO5(OH);](NO5)s-2H,0
(BBN-EtOH). This electrochemical method includes electrodeposition from an acidic Bi(III) solution in 96% ethanol at a
constant current density of 150.0 mA cm™. Final product was obtained by thermal treatment at 200 °C. Characterization
of BBN-EtOH was conducted by employing XRD, FTIR, SEM-EDX as well as BET, and its pI was also determined. The
analysis showed that the material obtained is pure [Bi;Os(OH);](NO;)5-2H,0. Morphologically, it is composed of aggregates
which were formed of several smaller particles of various shapes and sizes, some smaller than 100 nm. Electrochemically
synthesized sorbent (BBN-EtOH) was used for the removal of the textile dye Reactive Blue 19 (RB19) from deionized water
and model solution of river water, and it showed considerably superior sorption performance compared to other inorganic
sorbents synthesized by conventional methods reported in the literature. Kinetic study suggests that the sorption process
is both under reaction and diffusion control. Equilibrium of the sorption process was attained in several minutes, i.e., the
sorption process is very fast. The sorption equilibrium data were well interpreted by the Langmuir, Sips and Brouers—Soto-
longo isotherm. The maximum sorption performance was achieved at pH 2.0, and according to the Langmuir isotherm, it
is 1344.99 mg g~'.

Keywords Electrochemical synthesis - [BizO5(OH);](NO;)5-2H,0 - Reactive Blue 19 - Water treatment - Kinetic models -
Isotherm models

1 Introduction

With the development of industries that are extensively using
a wide variety of dyes, such as pulp, plastics, tanning, rub-
ber, leather, cosmetics, paper and textile industries, the water
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pollution caused by toxic dyes is serious threat to humans
and the environment [1, 2]. Dyes usually have many struc-
tural varieties and based on their chemical structures are
classified as azo, anthraquinone, indigo, thiazine, xanthene,
triphenylmethane, arylmethane, quinolone, phenanthrene
and phthalocyanine [3]. The most commonly used dyes clas-
sification system is the Colour Index (CI), developed by the
Society of Dyes and Colourist (1924), which lists dyes first
by a generic name based on its application and colour and
then by assigning a 5-digit CI number based on its chemical
structure if known [4, 5]. According to their mode of appli-
cation, dyes can be classified as reactive, disperse, direct,
vat, sulphur, cationic, acid, mordant, basic, metallic, ingrain
and solvent dyes [5]. Among different groups of dyes, azo
and anthraquinone dyes are the most commonly used [6].
These dyes can be easily lost during the operating pro-
cess. About 15% of dyes are discharged into wastewater
stream upon use in dyeing and finishing [7]. Synthetic dyes
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have complex aromatic molecular structures, which make it
stable and non-biodegradable. Thus, because of high stabil-
ity and toxicity their release into the environment causes
serious environmental and health problems [8]. Therefore,
the dye removal from effluents before being released into
natural water is very important.

The conventional treatment methods of dye bear-
ing wastewaters involve the combination of physical and
chemical processes such as adsorption, chemical oxidation,
ozonization, coagulation, membrane filtration and biological
treatment. However, the application of the above-mentioned
methods is sometimes restricted due to technical and eco-
nomic constraints. Adsorption due to its simplicity and high
efficiency is one of the most often employed methods for the
treatment of wastewater [9]. The current literature suggests
that basic bismuth nitrates (BBNs) are used as a photocata-
lysts [10—12] and, to the best of our knowledge, very rarely
as sorbents [13] for the removal of various pollutants.

Synthetic methods for the preparation of basic bismuth
nitrates include precipitation [13], hydrothermal [10], micro-
wave-assisted hydrothermal [11] and hydrolysis methods
[12] can be find in the literature. Electrochemical synthesis
through the electrodeposition is a very convenient method
for material synthesis, due to its simplicity, rigid control of
film thickness, uniformity and deposition rate, and it is espe-
cially attractive due to low cost of equipment and starting
materials [14]. Organic electrolytes have been usually used
to realize a wide electrochemical window, avoid hydrogen
embrittlement, improve the wettability of the electrode and
improve anti-wear performance of deposit [15]. Synthesis
of basic bismuth nitrates by any electrochemical method has
not yet been published in the literature.

The aim of this study was the synthesis of basic bismuth
nitrate via electrodeposition method from ethanol solution
with further thermal treatment. Characterization of mate-
rial was performed by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX) and N, sorptometry analysis. The synthesized mate-
rial was applied as sorbent for the removal of textile dye
Reactive Blue 19 (RB19), which was used as a model pol-
lutant. In order to understand sorption process, several reac-
tion and diffusion kinetic models were applied, as well as
isotherm models.

2 Experimental Methods
2.1 Reagents
All chemicals were of analytical reagent grade and used

without further purification. Reactive Blue 19 (type: anth-
raquinone dye, molecular formula: C,,H(N,Na,0,;S;,
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molecular weight: 626.53 g mol™!, maximum absorbance:
592 nm, CAS number: 2580-78-1, colour index number:
61200) was supplied from Sigma-Aldrich (Germany). Prior
to use, 1.0000 g of dye was dissolved in 1000 cm? of water
to obtain a 1000 mg dm™ stock solution of dye. Nitric acid,
sodium hydroxide and ethanol were also obtained from
Sigma-Aldrich. Bismuth (III) nitrate pentahydrate used for
synthesis of basic bismuth nitrate was obtained from Acros
Organics (USA). All solutions were prepared with deion-
ized water.

2.2 Synthesis of Basic Bismuth Nitrate from Ethanol
Solution

All electrochemical experiments were performed using an
Amel 510 DC potentiostat (Materials Mates, Italy) con-
trolled by a VoltaScope software package. Electrodeposi-
tion was performed in the two-electrode cell with a Ti sheet
(10x 20 mm) as a substrate (cathode) and a stainless steel
sheet (10 X20 mm) as an auxiliary electrode (anode). The
distance between the working and auxiliary electrode was
15 mm. Before the deposition, all electrodes were pol-
ished with different abrasive papers, followed by ultrasonic
cleaning with ethanol and deionized water. A bismuth (III)
electrodeposition solution of 0.1 mol dm™ was prepared
by dissolving the required amount of bismuth nitrate in
1.0 mol dm™ HNOj; in 96% ethanol. Electrodeposition was
carried out at a constant current density of 150 mA cm™ for
300 s at 25.0+0.5 °C. After deposition, the Ti sheet, cov-
ered with deposited coating, was dried at room temperature
for 120 min, calcined at 200 °C for 90 min in a furnace in
air and cooled in air. Then, the synthesized basic bismuth
nitrate was removed from the Ti sheet, powdered and used
as a sorbent.

2.3 Characterization of Sorbent

For SEM-EDX analysis, samples were attached to alumin-
ium stubs using Agar carbon tabs. A JEOL5310LV (JEOL,
USA) was used for imaging the samples in low vacuum
mode with an Oxford Instruments X-Max 50 detector for
semi-quantitative EDX analysis. Samples were imaged
uncoated. Nominal magnifications from 2000x to 70,000x
were used when imaging the samples. Three random parti-
cles averaged for EDX analysis. FTIR spectra were recorded
by means of BOMEM MB-100 FTIR spectrometer (Hart-
mann & Braun, Canada) using KBr pellets containing 1.0 mg
of the sample in 150 mg KBr. Instrument is equipped with a
standard DTGS/KBr detector in the range of 4000400 cm™!
with a resolution of 2 cm™!. The number of scans was 16.
Crystal structure was analyzed by XRD using filtered Cu
Ka radiation (Ultima IV, Rigaku, Japan). The experiments
were performed in the scan range 26 =5°-90° under 40 kV,
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40 mA, with scan speed 5° min™' and steps with 0.02°.
Before measurement, the angular correction was done by
high quality Si standard. Lattice parameters were refined
from the data using the least square procedure. Standard
deviation was about 1%. The specific surface area was meas-
ured by a nitrogen adsorption using the Gemini 5 Surface
Area Analyzer (Micromeritics, Norcross, Georgia, USA).
Samples were degassed under flowing nitrogen at 40 °C
for 20 h before the measurement. The specific surface area
was determined using the Brunauer—Emmett—Teller (BET)
method [16]. The Barret-Joyner—Halenda (BJH) method was
used for pore volume, area and diameter analysis [17]. The
isoelectric point of the sorbent was determined by the salt
addition method [18].

2.4 Batch Sorption Experiments

The sorption capacity of the prepared sorbent was deter-
mined by the removal of RB19 from aqueous solution at
ambient temperature. All sorption experiments were con-
ducted at native pH 4.7 +0.1 (initial pH of dye solution
without adjustments), except in cases when the effect of
pH on the removal of RB19 was determined. An appropri-
ate amount of sorbent was added to dye solution, and the
solution was transferred to a Petri dish. During the sorption
experiments, the dye solutions were stirred using a mag-
netic stirrer. At given time intervals, samples were collected,
centrifuged and filtered using a 0.45-um regenerated cel-
lulose membrane filter (Agilent Technologies, Germany) to
remove the particles of sorbent. The concentration of RB19
was measured by measuring the absorbance at 592 nm using
a UV-visible spectrophotometer (UV-1800, Shimadzu,
Japan). The sorbed amount of RB19, ¢,, (mg g™') and the
removal efficiency, RE (%), were calculated by Egs. 1 and
2, respectively:

Co— C
ql=¥'v (1)

m

RE(%) = 20—

- 100
” @
where ¢, and c, are the initial and final concentrations of the
RB19 (mg dm™), V is the solution volume (dm?) and m is
the mass of the sorbent (g).

The mean relative deviation (MRD) was calculated by
Eq. 3:

n
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where g; ., (mg g~ ") is the experimentally obtained amount
of sorbed dye at experimental point i, g; ., (mg gl is

calculated amount of sorbed dye at experimental point i by
some kinetic or isotherm model and » is number of experi-
mental points.

Control experiments were carried out in the absence of
sorbent in order to find out whether there is any adsorption
on the Petri dish walls. In all experiments, measurements of
the RB19 concentrations were conducted in triplicate. Sta-
tistical analysis and calculation of the data were performed
using OriginPro 2016 software (OriginLab Corporation,
USA).

2.5 Kinetic and Isotherm Analysis

Sorption kinetics is important to illustrate the process mech-
anism. Different kinetic models have been used to inves-
tigate the potential rate-controlling steps involved in the
sorption process. In this study, the experimental data were
analyzed by pseudo-first-order [19], pseudo-second-order
[20], Chrastil’s [21] and intraparticle diffusion [22] kinetic
models and the equations of these models are presented in
Egs. 4, 5, 6 and 7, respectively:

q, = q.(1 —e™h" )
2
qzkyt
g =—— Q)
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g, = (1 — ekcho)" (©6)
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where g, and g, are the sorption capacity at equilibrium and
at time ¢, respectively (mg g71).

In the pseudo-first- and pseudo-second-order model,
ky (g min~!) and ky (g mg~! min~') are the rate constant
of pseudo-first- and pseudo-second-order adsorption,
respectively.

In the Chrastil’s diffusion model, k, is a rate constant
(dm® g7 min™!), A, is the concentration of sorbent (g dm™>)
and n is a heterogeneous structural diffusion resistance con-
stant with reaction order characteristics. Reaction order and
diffusion characteristics of the sorption process can be deter-
mined from the value of constant . For diffusion-limited
systems, n is lower than 1, and in the case when diffusion
resistance is small n> 1. For the first-order reactions, n=1,
second- and higher-order reactions have n < 1, and consecu-
tive reactions have n>1 [23].

In the intraparticle diffusion model, C value is related to
the thickness of the boundary layer and &, is the intraparticle
diffusion rate constant (mg g~' min'/?).

The adsorption capacity of adsorbent and interaction
mode between adsorbent with adsorbent is another critical
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factor for the practical use of the adsorbent. Thus, the experi-
mental equilibrium data of RB19 sorption were modelled
using several equilibrium adsorption isotherm models,
such as Langmuir [24], Freundlich [25], Sips [26] and
Brouers—Sotolongo [27, 28]. The Langmuir model is used
successfully in many monolayer sorption processes without
interaction between adsorbate molecules, and assumes that
sorption occurs on specific homogenous sites of sorbents.
The Freundlich isotherm model proposes a multilayer sorp-
tion with a heterogeneous energetic distribution of active
sites, accompanied by interactions between adsorbed mol-
ecules. Sips model inherently includes the features of Fre-
undlich and Langmuir models and has more capability in
describing sorption equilibrium. Sips model predicts the
heterogeneous sorption and circumventing the limitation of
the rising sorbate concentration associated with the Freun-
dlich isotherm model. Brouers—Sotolongo model proposes
adsorption at heterogeneous surface. Equations 8, 9, 10 and
11 give nonlinear forms of the Langmuir, Freundlich, Sips
and Brouers—Sotolongo models, respectively:

_ quLCe
= TiK.c. ®)
1
qe. = Kgct ©
1/n
QmKSC
de=——— (10)
1+ KsC.
de = qm (1 — exp (—Kyc?)) (11

where g, is the amount of sorbed RB19 (mg g~!) at equi-
librium time, c, is the concentration (mg dm™3) of RB19 at
equilibrium time, g,, is the maximum sorption capacity of
sorbent (mg g~'); K| is Langmuir constant related to the
energy of sorption (dm® mg™!), K is Freundlich equilibrium
constant (mg g~!) (dm* mg™")"", n is Freundlich exponent
related to the intensity of sorption, Kg the Sips equilibrium
constant (dm® mg™"), n is the Sips model exponent related
to heterogeneity of binding sites, Ky is Brouers—Sotolongo
isotherm constant (dm> mg~!) and « is dimensionless expo-
nent and measure of the energy heterogeneity of the surface.

3 Results and Discussion

3.1 Mechanism of Electrochemical Synthesis
and Characterization of Sorbent

Electrochemical synthesis is based on cathodic electrodepo-
sition from acidic solution of Bi** ions and further ther-
mal treatment at 200 °C. Electrodeposition was performed
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in galvanostatic mode at current density of 150 mA cm™2.
At such high current density, overpotential of hydrogen is
achieved and besides bismuth, hydrogen generates on the
cathode as well. Hydrogen bubbles produced on the cathode
affect the creation of a sponge-like structure of deposit. It is
more likely that deposit is physically bonded to the surface
of the cathode, rather than constructing a chemical bond
with it, and this deposit is generally mechanically unstable
and can be easily removed from the surface of the metal
substrate. Characterization of obtained deposit was carried
out by XRD analysis, but the deposit contains some amor-
phous phase, so it is impossible to accurately determine all
individual phases. EDX analysis (Fig. S1 in Supplementary
material) shows that deposit contains Bi, O and N atoms,
and thus, it can be concluded that it is composed of metallic
bismuth and bismuth in oxidized form (most likely bismuth
compounds such as basic nitrates, and possibly hydroxides
and oxides). The cause of the production of oxidized form
on the cathode is probably the simultaneous reduction in H*
and Bi** ions, where the local pH near the cathode increases
significantly and the hydrolysis of non-reduced Bi** ions in
the presence of NO;™ ions occurs, resulting in formation of
above-mentioned bismuth compounds [14]. After thermal
treatment at 200 °C, all metallic Bi was oxidized to basic
bismuth nitrate. Oxidation to nitrate was enabled because
of specific sponge-like structure of deposit, which contains
a NO;™ ions-containing electrolyte.

The crystal structure of the product obtained after ther-
mal treatment at 200 °C, and later used as a sorbent, was
also examined by XRD analysis. Figure 1 shows the typical
XRD pattern of the synthesized sample. The main diffraction
peak positions of product in this pattern appear at 11.64°,
13.08°, 20.28°, 23.49°, 26.92°, 34.02°, 41.24° and 52.59°
20 values. The diffraction peaks can be indexed to the to
the trigonal (space group P-3) [BizOs(OH);](NO5)s-2H,0
(JCPDS-ICDD: PDF-2 00-054-0627), with lattice constants
of a=b=15.187 A and c=15.838 A. In addition, there is no
other impurity peak was detected, indicating the formation
of clean [BigO5(OH);](NO3)5-2H,0 composites without the
disturbance of impurity. The sharp shape and high-intensity
peaks suggest that the crystalline degree of sample is high.
The crystallite size of material was determined by William-
son—Hall method, and the results show that crystallites have
nanometric size (16.58 nm) [29].

The FTIR spectra of the prepared material are given in
Fig. 2. The broadband at 3408 cm™! corresponds to the
stretching vibrations of —OH groups and indicates that
the —OH groups participate in the formation of hydrogen
bonds in BBN-EtOH [30]. The bands at 1623 cm™! originate
from the —OH bending vibration mode of lattice water [31,
32]. Several IR active modes arising from the NO;™ vibra-
tions are observed at IR frequencies at 702, 809, 824, 1035
and 1383 cm™! and fit well to the data for BiMO,NO;,
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Fig.2 FTIR spectrum of BBN-EtOH
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of the synthesized compound. The medium strong bands at
563 and 424 cm™! are attributed to the Bi—O bond stretching
vibrations [36, 37].

Morphology and surface structure of the synthesized
material were investigated by SEM analysis. The SEM
images at different magnifications are presented in Fig. 3.
As shown in Fig. 3a, it could be clearly seen that the BBN-
EtOH sample is constructed from a large amount of irregular
monolithic aggregates of a micron-level size. All the aggre-
gates are consisted from particles that are mostly sintered
and have various sizes and shapes. Most of the particles
are basically polyhedrons whose size is 200—1000 nm. The
surface of the particles is smooth, and some particles with
nanometric size can be spotted. In addition, pores with
diameter lower than 50 nm can be observed on the sample
surface.

The results of EDX analysis (Fig. S2) showed that mate-
rial is composed of Bi, O and N. The weight percentages
of these elements are 71.01%, 24.60% and 4.19%, respec-
tively. Theoretical weight percentages of Bi, O and N in
[BizO5(OH);1(NO5)s-2H,0 are 72.43%, 23.11% and 4.04%,
respectively, and it is in good agreement with the experi-
mental one.

The sorption process mainly occurs at the surface of
the sorbent and because of that the specific surface area
(SSA) has a significant influence on the sorption perfor-
mance. With the increase in SSA, the number of active
sites is higher and sorption performance is enhanced. The
N, adsorption/desorption isotherm of BBN-EtOH (Fig. 4)
according to the IUPAC classification belongs to type II,
which is related to nonporous or macroporous adsorbents
and unrestricted monolayer—multilayer adsorption. The
obtained SSA of BBN-EtOH using the BET method is
1.43 m? g~'. The BJH surface area of pores is 1.09 m?> g~!
and the volume of pores is 0.0036 cm® g~!. The average
pore diameter is 13.19 nm.

In order to define how surface charge changes depend-
ing on the pH of medium, the isoelectric point of synthe-
sized material was determined by salt addition method.
The obtained value of pI for BBN-EtOH is 2.09, which
means that its surface is acidic. In case when the pH of
solution is lower than 2.09, material surface will be posi-
tive, while for pH higher than 2.09 surface will be negative
charged.

5.00um

UoG-8U8030 1.0kV-D 4.6mm x70.0k SE+BSE(U)

Fig.3 SEM images of BBN-EtOH at a magnifications of a x2000, b x10000, ¢ x50000 and d x70000
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3.2 Ability of BBN-EtOH to Remove RB19

3.2.1 Effect of Contact Time on the Removal Efficiency
of RB19

The contact time is a crucial parameter to be considered as
it can determine the possible practical application of sorb-
ent. Longer time taken to remove the dye is not practical for
treatment of real wastewater and increases the cost of the
whole sorption process. For these reasons, it is very impor-
tant that the sorption equilibrium be achieved in a relatively
short time.

The effect of contact time for RB19 adsorption onto
BBN-EtOH was investigated at native pH (about 4.7),
with sorbent dose 500.0 mg dm~3, RB19 concentration
of 700.0 mg dm™ and temperature 25.0 °C. The results
are shown in Fig. 5. The obtained removal efficiency was
71.80%, which is a very high value considering the fact
that the initial concentration of RB19 was 700.0 mg dm~>.
The removal efficiency of RB19 increased rapidly in the
first minute and after that sorption was almost negligible.
In the first minute, 95% of the total amount of dye that was
sorbed during the entire sorption process was removed. In
the next period of time, until the equilibrium was reached,
only 5% from the total removed amount was sorbed. Further
extending, the contact time did not improve the adsorption
potential of BBN-EtOH for RB19. This means that sorption
equilibrium was reached extremely fast (1-2 min). Accord-
ing to the results from the literature for similar inorganic
sorbents, the sorption process of removing the RB19 with
BBN-EtOH is far faster [38—45]. One of the most important
characteristics of material synthesized from ethanol solution
that affect such a high sorption ability of the material is its
high hydrophilicity, i.e., the tendency of getting solvated by

100

80 4

60 H

40

Removal efficiency (%)
n

20+

0 . , . . . ; . ;
0 1 2 3 4

Time (min)

Fig.5 Effect of contact time on the removal efficiency of RB19. cgg 9
700.0 mg dm ™, 500.0 mg dm™, temperature 25.0+0.5 °C and
pH native

Csorbent

water. Material is well wetted and does not float in water,
and it can be assumed that this is one of the main reasons for
high sorption performance of material.

3.2.2 Effect of pH on the Removal Efficiency of RB19

The medium pH is a critical parameter in every sorption
system. It strongly affects the surface charge of sorbent and
the degree of ionization and the speciation of sorbates (e.g.,
dye, metal) [46].

The effect of pH was investigated in a pH range from
2.0 to 9.0, while other parameters were kept constant (ini-
tial concentration of dye 700.0 mg dm~>, sorbent dose
500.0 mg dm~> and temperature 25.0 °C). The results
(Fig. 6) show that pH strongly affects the removal effi-
ciency of RB19. The highest removal efficiency (93.33%)
was achieved at pH 2.0, while by increasing the pH value
to 3.0, 5.0, 7.0 and 9.0, the removal efficiency decreased
to 78.87%, 71.69%, 65.88% and 56.81%, respectively. Such
an effect of pH on the sorption process can be explained by
surface charge of sorbent at different pH solutions. Surface
of BBN-EtOH sorbent is positively charged at pH <2.09
according to its pI value. Thus, sorption of anionic dye RB19
is enhanced at lower pH. With the increase in solution pH,
surface charge of sorbent is increasingly negative and the
removal of RB19 decreases. The obtained sorption capacity
of BBN-EtOH at pH 2.0, 3.0, 5.0, 7.0 and 9.0 is 1306.64,
1150.00, 1003.66, 922.38 and 795.3 mg dm™3, respectively.
These results show that BBN-EtOH is efficient as sorbent for
RB19 in wide range of pH. Even the lowest value of sorp-
tion capacity 795.30 mg dm™> achieved at pH 9.0 is very
high compared to other inorganic sorbents reported in the
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literature (maximum sorption capacity achieved for FeCuNi-
triple-metal nanosorbent was 480.80 mg dm~>, while for
organic sorbents maximum capacity was 822.40 mg dm™>
for chitosan) [38—45].

3.2.3 Effect of Initial Dye Concentration on Removal
Efficiency of RB19

The effects of initial dye concentration were investigated for
200.0, 400.0, 500.0, 600.0, 700.0 and 800.0 mg dm—>, while
other conditions were kept constant (pH 2.0, sorbent dose
500.0 mg dm™ and temperature 25.0 °C). The results are
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presented in Fig. 7. In the case of lower initial concentrations
of RB19 (200-500 mg dm_3), the removal efficiency was
very high (99.60%, 99.45%, 99.21% and 99.01%, respec-
tively). With further increase in initial pollutant concen-
tration, the removal efficiency decreases up to 81.85% for
initial RB19 concentration of 800.0 mg dm=.

However, the sorption capacity of BBN-EtOH increases
with an increase in initial RB19 concentration and
reached 1309.60 mg g~! for initial RB19 concentration
of 800.0 mg dm™>. This can be attributed to the fact that
the higher RB19 concentrations increase the overall mass
transfer driving force, and thus, the RB19 uptakes onto the
sorbent [46].

3.2.4 Kinetics Study

Adsorption processes could be dependent on and controlled
by different kinds of mechanisms such as diffusion control,
mass transfer, chemical reactions and particle diffusion.
Thus, the kinetics of RB19 sorption onto BBN-EtOH sorb-
ent was described by the pseudo-first-order, pseudo-second-
order, Chrastil’s diffusion and intraparticle diffusion model.
The plots of g, versus ¢ for all kinetic models are shown in
Fig. S3-5. The obtained parameters of kinetic models for the
sorption process for different initial RB19 concentrations
are shown in Table 1. All the parameters were calculated by
nonlinear regression analysis using software OriginPro 2016
(except for intraparticle diffusion model where was used lin-
ear regression analysis). Applicability of these models on the
sorption of RB19 on BBN-EtOH sorbent was determined
based on the values of the determination coefficients and the
mean relative deviations.

The fitting results of experimental data for pseudo-first-
and pseudo-second-order models show that both models
have very high determination coefficients (higher than
0.999), but determination coefficient for pseudo-second
order is slightly higher. Calculated values of ¢, are in good
agreement with experimental results for both models, but the
results obtained for pseudo-first model a bit better matched
the experimental ones. However, based on obtained values
of MRD it is obvious that pseudo-second-order model better
fits with the experimental results (values of MRD is signifi-
cantly lower for pseudo-second order). Therefore, it can be
concluded that pseudo-second-order model better describes
this sorption process. This suggests that the saturation rate
of binding sites is proportional to the squared amount of
unsaturated sites [20]. In addition, the rate-controlling step
in the sorption process is most likely the chemical inter-
action between functional groups of sorbent BBN-EtOH
and RB19. The rate constant decreases from 0.45 to 0.02
as RB19 concentration increases from 200 to 800 mg dm=.

The Chrastil’s diffusion model is used for description
of the kinetics of the heterogeneous and diffusion-limited
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TRa]'; '1e9 1302)‘3 ggzgzgnggrggi ¢ (mg dm™3) 2000 300.0 400.0 500.0 600.0 700.0 800.0

sorbent Ge. exp (Mg &) 398.40  596.70 793.68 990.14  1161.01 130834  1309.62
Pseudo-first-order model
q, (mg g‘l) 396.47 594.08 790.42 986.97 1147.55 1293.65 1291.62
k, (min™") 12.72 12.19 11.49 10.77 9.38 8.58 7.11
P 0.9998 0.9999 0.9999 0.9998 0.9990 0.9991 0.9984
MRD (%) 0.30 0.27 0.29 0.31 0.87 0.86 1.19
Pseudo-second-order model
q. (mg g_') 402.92 604.74 807.00 1011.36 1190.44 1350.97 1372.78
k, (g mg™! min~") 0.17 0.10 0.06 0.04 0.02 0.02 0.01
r 0.9999 0.9999 0.9998 0.9997 0.9998 0.9996 0.9991
MRD (%) 0.21 0.22 0.24 0.25 0.39 0.58 0.84
Chrastil’s diffusion model
q.(mgg™) 398.46  596.59 79372 991.16  1162.70  1309.80  1312.67
k. (dm? g=! min~") 10.59 10.05 9.27 7.84 7.24 6.89 6.44
n 0.10 0.14 0.18 0.19 0.23 0.25 0.35
P 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9998
MRD (%) 0.04 0.01 0.03 0.04 0.21 0.19 0.32
Intraparticle diffusion model
k; (mgg~'min™"?)  592.81  887.17 117644 146277  1672.38  1868.63  1815.45
C, (mg gh 19.00 27.80 35.85 43.04 46.56 48.38 49.80
P 0.9060 09115 0.9181 0.9158 0.9172 0.9204 0.9350
k;, (mg g~' min~"?) 1.32 1.80 1.90 2.35 14.00 15.88 24.45
C, (mg gh 395.99 593.40 790.19 987.85 1136.26 1280.19 1366.47
P 0.9288 0.9379 0.9354 0.9346 0.9481 0.9410 0.9408

systems [21]. The determination coefficient of Chrastil’s
model is higher than 0.999 for all dye concentrations. The
value of MRD is lower than the value obtained for pseudo-
second order. This indicates that the Chrastil’s model can
be used to describe this sorption process. Heterogeneous
structural diffusion resistance constant r is for all concen-
tration of RB19 significantly less than one. According to
the value of parameter n, it can be concluded that sorption
follows pseudo-second order, and that the diffusion strongly
influences the sorption process.

The kinetic data were also analyzed by the intraparticle
diffusion model to examine the rate-controlling step for
RB19 sorption on BBN-EtOH sorbent, and the results are
presented in Table 1. The two linear ranges in the shape of
the intraparticle diffusion plot of g, versus 1" indicate that
two steps occur in the adsorption process. The first, sharp
linear range can be attributed to the external surface adsorp-
tion or instantaneous adsorption stage of RB19 on sorbent.
When the adsorption onto the external surface reached satu-
ration, the second linear range began, which represents the
gradual adsorption stage, where the intraparticle diffusion
is rate controlled [47]. The first step is very fast and finishes
in about one minute, while the second step is very slow, and
after one minute sorbed amount was changed negligible. The
intraparticle diffusion rate constant k;, is much lower than

k;;, which confirms that the rate-limiting step is intraparticle
diffusion through boundary layer. The intraparticle model
shows that the sorption process ends quickly (very small
slope of the second linear part which starts after one minute)
and proves enormous rate of sorption process with mixed
control by a surface reactions and diffusion.

3.2.5 Adsorption Isotherms

It is essential to determine the best-fit isotherm model for
the sorption process to obtain useful information about
surface properties and affinity of sorbent and enable pre-
diction of maximum sorption capacity. The equilibrium
adsorption isotherm models such as Langmuir, Freundlich,
Sips and Brouers—Sotolongo isotherms were used to fit the
experimental data for different initial RB19 concentrations
(200-800 mg dm~?), while other parameters were keep con-
stant (pH 2.0, sorbent dose 500.0 mg dm~> and temperature
25.0 °C). The plots of g, versus residual concentration of dye
for all isotherm models are shown in Fig. S6. The nonlin-
ear regressed parameters of these models the corresponding
determination coefficients and mean relative deviations are
summarized in Table 2.

The values of 7> and MRD were used to evaluate the
applicability of the applied models. The results clearly show
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Table 2 Isotherm parameters for RB19 sorption onto BBN-EtOH
sorbent

Adsorption isotherm  Parameter  Values r MRD (%)
Langmuir K 0.42  0.9901 343
I 1344.99
Freundlich Kr 550.32  0.7758 18.44
n 4.97
Sips I 1318.96  0.9906 3.15
K 0.44
n 1.12
Brouers—Sotolongo Im 1268.03  0.9830 4.17
Ky 0.35
a 0.92

that Langmuir model much better fit experimental data than
Freundlich model, with 72 closest to unity (0.99), while r*
for Freundlich model is much less than one (0.75), and much
lower MRD (3.43, than 18.44 for Freundlich). This suggests
that there was homogeneous distribution of active sites on
BBN-EtOH sorbent and that monolayer sorption of RB19
occurred on these sites.

The other two isotherm models (Sips and Brouers—Soto-
longo) that were applied for fitting the experimental data
also, like Langmuir model, have high determination coef-
ficient (0.99 and 0.98, respectively). According to MRD
value, Sips model best fits with experimental data (MRD
value for Sips model is slightly lower than Langmuir and
Brouers—Sotolongo MRD value). In addition, maximum
sorption capacity calculated by Sips model is in the best
agreement with experimental value among these models.
Based on all the obtained results, it can be concluded that
Langmuir, Sips and Brouers—Sotolongo isotherm models
are appropriate to describe sorption of RB19 on BBN-
EtOH sorbent, and agreement with experimental data is
Sips > Langmuir > Brouers—Sotolongo.

The Sips heterogeneity factor n is close to one, which
means that sorbent has homogenous binding sites at its sur-
face. The Brouers—Sotolongo parameter o which is related
with degree of surfaces heterogeneous is also close to one
and indicates that sorption sites of BBN-EtOH sorbent are
homogenous. These results confirm that sorption follows
Langmuir type of isotherm and the maximal sorption capac-
ity obtained by Langmuir isotherm is 1344.99 mg g~ .

3.2.6 Mechanism of Sorption Process

According to all the results described earlier in the manu-
script, a possible mechanism of RB19 sorption on BBN-
EtOH sorbent can be concluded. From the kinetic study,
the conclusion is drawn that the rate-controlling step in
the sorption process is most likely chemical interaction
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between functional groups of dye RB19 and sorbent BBN-
EtOH. Considering that sorption process occurs between
the anionic dye molecules and the surface of the basic
bismuth nitrate sorbent, it can be concluded that the most
possible mechanism of sorption is interaction of the sul-
phonic group (-SO;7) with polycation [Bi605(OH)3]5+.
Such a mechanism can be confirmed according to the
results of influence of pH on the removal efficiency. At
lower pH values, oxygen atoms (Bi—O and Bi—-OH) at the
polycation [BiGOS(OH)3]5+ are protonated, thereby reduc-
ing the electron density around adjacent Bi atoms, which
improves the chemical interaction (coordination bond,
most likely bidendate bond of sulphonic groups at bismuth
atoms) between the bismuth atoms of sorbent and the sul-
phonic group (-SO;7) of the RB19. Therefore, BBN-EtOH
has the highest sorption capacity at pH < 2.0, because the
strength of the coordination bond between the Bi atoms
and —SO;~ weakens with an increase in pH. The high-
est sorption capacity at pH <2.0 also occurs due to better
electrostatic attraction between dye and sorbent surface. In
addition, the small specific surface area indicates that con-
tribution of physical sorption is low, which confirms that
chemical and electrostatic interactions are more likely to
be the only way of binding RB19 dye onto sorbent surface.

3.2.7 Treatment of Real Polluted River Water

In order to examine potential practical use of BBN-EtOH
sorbent in real water treatment, the efficiency of RB19
removal from the model solution of polluted river water was
investigated. A sample of the NiSava River, which physico-
chemical characteristics are shown in Table S1, was taken
and filtered using a 0.45-um regenerated cellulose mem-
brane filter. A pollutant, RB19 dye, was added to such a
prepared sample of the river water and in this way, the real
polluted river water was simulated. Sorption treatment of
600.0 mg dm™ of RB19 was performed at optimum con-
ditions using sorbent dose of 500.0 mg dm~ and at pH
2.0. The results (Fig. 8) show that the removal efficiency
in the model solution of real polluted river water was also
high. The obtained sorption capacity was smaller than in
the model solutions with deionized water, but still the sorp-
tion capacity was very high (1059.98 mg g~ 1), higher than
above-mentioned materials from the literature. The decrease
in sorption capacity of about 20% occurs due to the pres-
ence of organic matter in river water, which can saturate
active sites of sorbent. The equilibrium was reached very
fast (in one minute) as in the experiments with RB19 solu-
tion in deionized water, so the sorption process is very fast.
Based on the results of above-described experiment, it can
be concluded that BBN-EtOH sorbent can be suitable for
practical application in treatment of real polluted water.
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Fig.8 Removal efficiency of RB19 from the model solution of real
polluted river water; cpp ;o 600.0 mg dm=> 500.0 mg dm~> and
temperature 25.0+0.5 °C, pH 2.0

> Csorbent

4 Conclusions

Pure basic bismuth nitrate [BigO5(OH);](NO3)5-2H,0 was,
for the first time, successfully synthesized by electrochem-
ical deposition from ethanol solution, followed by ther-
mal treatment at 200 °C. The chemical structure of BBN-
EtOH was ascertained by XRD, FTIR and EDX analyses.
The material is composed of small crystals forming high
aggregates. Sorption of RB19 by electrochemically syn-
thesized sorbent (BBN-EtOH) is very fast (above 95% of
the total sorption at equilibrium was reached in 1-2 min,
depending on the initial concentration of RB19). Sorp-
tion kinetics shows that both surface reaction and diffusion
were rate-limiting steps. Based on the 7> and MRD, it can
be deduced that the experimental data are well fitted by
Langmuir, Sips and Brouers—Sotolongo isotherm models.
The maximum sorption capacity (1344.99 mg g~!) was
achieved at pH 2.0. Very high sorption capacity, includ-
ing treatment in model solution of polluted river water,
and fast equilibration are very important characteristics
for the potential practical use of BBN-EtOH. Low cost,
eco-friendly starting materials, simple and non-time con-
suming synthesis method, high purity and repeatability of
the structure of the synthetized material, as well as very
high sorption capacity, better sorption performance and
lower sorption equilibrium time than similar materials,
make BBN-EtOH sorbent a very attractive system for the
removal of textile dyes from polluted water.
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