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ABSTRACT

There have been investigated potential evaluation of equilibrium adsorption isotherm for the removal of nitrates
from water solutions using two types of char (CH-1 and CH-2) produced in commercial-scale pyrolysis based on
recycled waste rubber tires. Liquid phase adsorption studies were performed under batch conditions and maximum
adsorption capacity was determined. Equilibrium data were mathematically modelled using two-parameters Lang-
muir, Freundlich, three-parameters Redlich-Peterson, Toth, Dubinin-Radushkevich, Radke-Praushnitz, combined
Langmuir-Freundlich and four-parameters Fritz-Schlunder, Marczewski-Jaroniec, Bi-Langmuir adsorption mod-
els. Obtained results revealed the potential use of the studied char adsorbents for nitrates removal from aqueous
media (the maximum adsorption capacity at equilibrium 10.07 mg/g, have been achieved for CH-1 char). The
Langmuir-Freundlich isotherm had the best fit for the adsorption experimental data over the whole concentration
range. The highest percentage of NO, removal efficiency onto CH-1 char achieved in NO, initial concentration

range from 26.44 to 66.55mg/L reaching values in the range of from 80.74 to 78.7%.
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INTRODUCTION

The huge increase in the number of vehicles on
roads around the world has contributed to the grow-
ing problem of disposing of used car tires. The lack
of appropriate disposal methods for waste rubber
tires causes a concerning serious global problem for
the environment [1]. Proper disposal of car tires is
essential to minimize the negative impact on the en-
vironment. Unfortunately, one of the unacceptable
practices is the illegal disposal of used tires, namely
burning. Substances emitted during open burning
have a negative impact on the environment (diox-
ins emitted during tire burning are one of the most
toxic and poisonous substances among many other
pollutants, e.g. PM10 and PM2.5) as also in humans
on the circulatory system, brain function and nerv-
ous system [2]. Therefore, in Poland only certified
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disposal companies have the necessary knowledge
and equipment to dispose of used tires in an envi-
ronmentally friendly way. Among others, one ap-
proach to solve this issue is the recycling, namely
pyrolysis process, which in turn may become to a
source of producing char [3]. The use of pyrolysis
opens up new possibilities for the sustainable pro-
cessing of used tires. Thanks to this method, it is
possible to use used tires in an effective and sus-
tainable way. The use of the pyrolysis process will
contribute to the pursuit of a circular economy and
waste reduction. One of the products produced in
the pyrolysis process is tire pyrolysis oil, which can
be used as a direct replacement for many raw mate-
rials and oils based on fossil fuels. Another product
is tire char which can be used in the production of
rubber products, varnishes or paints, dyes, master-
batches, replacing charish soot from fossil fuels [4].
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The nitrate contamination occur worldwide
(biogenic compounds such as nitrates and phos-
phates and ammonia, the source of which are
mainly fertilizers that have been abundantly used
in agricultural production for decades) therefore,
it is important to monitor the sources of nitrate
emissions and take actions to prevent their forma-
tion. Moreover, due to the fact that the environ-
mental problem of increasing nitrate content in
water concerns the entire European Union, and
water pollution caused in one country may affect
the waters of another country, the European Com-
mission has taken remedial actions in this regard
at the Community level [5, 6]. The effect of the
directive is to impose on EU Members the obli-
gation to designate waters sensitive to pollution
by nitrogen compounds from agricultural sourc-
es and to designate particularly vulnerable areas
from which the outflow of nitrogen from agricul-
tural sources into these waters should be limited.

It’s harmful effect for human health such as dis-
ease methemoglobinemia and has been studied and
reported frequently in literature [7, 8]. Methemo-
globinemia is a condition of elevated methemo-
globin in the blood and that cause symptoms, in-
cluding headache, shortness of breath, dizziness,
nausea, low muscle coordination, anemia, intestin-
al dysfunction, cancer (nitrosamines products de-
rived from nitrates and nitrites increase the risk of
gastrointestinal cancer) and cyanosis (blue-colored
skin). Moreover for a long run the serious com-
plications may take a place including seizures and
heart arrhythmias [9, 10]. The currently applicable
standard for the highest permissible concentration
of nitrates in drinking water is 50 [mg/L] in ac-
cordance with Polish legislation [11]. Most com-
mon techniques for water treatment (to remove
excessive amounts of contaminants from water)
contain ion exchange (strong basic anion exchan-
gers most often are used), chemical precipitation,
reduction and membrane processes (including re-
verse osmosis, electrolysis or electrodialysis) and
others. Anyway, the mentioned methods have cer-
tain disadvantages and limitations, including low
efficiency, sensitive processing conditions, stern
technological regime, and finally, further disposal
and by-products may be expensive [1].

Moreover, the currently observed continuous
increase in the number, diversity, complexity and
amount of various substances constituting water
pollution and contamination makes conventional
individual water treatment methods ineffective.
Another phenomenon used in water technology is

the adsorption process, one of the most essential
elementary processes in which the adsorbate (e.g.
nitrate ions) attaches to the surface of the adsorb-
ent (e.g. char or activated carbon) using physical,
chemical or electrostatic forces [12].

Determination of equilibrium parameters of
adsorption at the solid-liquid interface analy-
sis can be realized through the stationary (batch
conditions) or dynamic (flow conditions) experi-
mental systems [13]. In order to determine the
relationship between the amount of adsorbed
substance and the concentration, adsorption iso-
therms are determined for the equilibrium solu-
tion. An essential part of the implementation of
the adsorption process is the fitting of the obtained
experimental data (empirical value) with the ap-
propriate selected adsorption isotherm model
(theoretical equation), that may allows to obtain
e.g. information on the mechanism of the process,
its nature and the type of interactions between the
adsorbate and the adsorbent [14, 15, 16].

Based on the listed above problems, the main
aim of this work was to evaluate the potential and
assess the effectiveness of nitrates adsorption from
aqueous solutions on different chars processed
from tires and submitted for experiments. In this
study, two types of char commercially available
produced based on recycled wasted rubber tires
were investigated as an adsorbent in order to re-
move nitrates from water solutions. Zero point of
char surface were determined. Equilibrium data
were mathematically calculated and modelled us-
ing ten adsorption equation models to describe the
equilibrium isotherms. Interpreting the obtained
results made it possible to assess the validity of
using studied chars for water purification.

MATERIALS AND METHODS

Used materials

In this project there have been investigated
potential evaluation of equilibrium adsorption
isotherms for the removal of nitrates from water
solutions using two types of char (CH-1 and CH-
2) produced in commercial-scale pyrolysis based
on recycled waste rubber tires. Investigated char
was manufactured in thermal production process
(waste tires pre-processing and pyrolysis) by dif-
ferent companies located in the Central Europe.
The companies’ names have been reserved from
public dissemination. CH-1 was manufactured by
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company X and CH-2 — by company Y. Pyrolysis
of waste tires at both companies was carried out
using a slow method. Under such conditions, nu-
merous reactions take place in the raw material,
such as dehydration, dehydrogenation, isomeri-
zation, aromatization and others. Optimal process
conditions were selected taking into account: the
fragmentation of raw material, temperature, pro-
cess time, heating rate and composition of the
atmosphere. Medium-fragmented chars were pro-
cessed in for 180 min and 900 °C for CH-1 and
90 min and 800 °C for CH-2. Studied chars were
characterized by a high content of elemental car-
bon (reaching up to 90% for both CH-1 and CH-2)
and sulfur (about 2—-3%). The major proportion of
other basic elements for CH-1 included: Si=91.6,
Zn=50.5,S=22.8,A1=3.7, Fe =2.6 and for CH-
2:81=78.1,Zn=64.5,S=28.9,A1=2.1,Fe=3.7
(all expressed in g/kg). The specific surface area
(BET) of CH-1 was 67 m*g and for CH-2 char
reached the value 66 m?/g. The ash content ranged
from 8% for CH-1 to 11% for CH-2. It was relat-
ed to the addition of metal (especially zinc) in the
tire manufacturing process and the contamination
present on used tires. Both companies processed
char in similar oxygen-free atmosphere. All used
chemicals - sodium hydroxide (NaOH), nitric acid
(HNO,), potassium nitrate (KNO,), sodium nitrate
(NaNO,) were supplied in analytical grade.

Used NO, determination method

Determination of nitrates concentration were
measured using laboratory UV-Vis spectropho-
tometer (UV-Vis model DR 5000 HACH LANGE
according to reference method: SM 4500-NO,-B)
selecting program 355 N, Nitrate HR and 10 mL
of sample. In brief, cadmium metal reduces ni-
trates in the sample to nitrite. The nitrite ion reacts
in an acidic medium with sulfanilic acid to form
an intermediate diazonium salt. The salt couples
with gentisic acid to form an amber colored solu-
tion. Test results are measured at 500 nm [17].

Experimental studies

Zero point of charge determination
of CH-1 and CH-2 chars

In order to determine zero point of charge
(PZC) of the studied tire chars the suspension
method was used which consist heterogene-
ous solution in the form of a suspension of

248

solid particles (char) in a liquid dispersing these
particles [18]. In order to do so, a total of 0.5
g of tire chars (CH-1 and CH-2) and 50 mL
of 0.1 M NaNO, (to maintain ionic strength)
were weighed (using laboratory scale: model
DV314CM OHAUS + 0.1 mg Discovery Ana-
lytical, Parsippany, NJ, United States) into ten
flasks with a capacity of 100 mL. Using nitric
acid (0.1M HNO,) and sodium hydroxide (0.1M
NaOH) the selected pH values were adjusted and
obtained approximately 2; 3; 4; 5; 6; 7; 8; 9; 10
and 11 (pH, is the initial pH) using a magnetic
stirrer (RCT basic IKA) until pH was stabilized
with an accuracy of two decimal places at room
temperature. Measurement of pH was conduct-
ed using a pH meter FiveEasy Plus FEP20 with
combined glass LE438 electrode (METTLER
TOLEDO, Zurich, Switzerland), according to
the PN-90/C-045400/01 standard. Before pH de-
termination, the electrode was calibrated using
buffers (pH 4, 7 and 10) and the readings were
taken with an accuracy of two decimal places.
The samples were stirred for 24 h in orbital me-
chanical shaker (WL-2000 JW Electronic, War-
saw, Poland) at 120 rpm, then the final pH of the
samples (pH, is the final pH after 24 h of stirring)
were measured again.

Adsorption equilibrium studies

Derived chars from rubber waste tire were
investigated towards nitrate ions removal from
water solutions. In order to determine of the
sorption isotherms, experimental studies were
performed under batch conditions additional-
ly using orbital laboratory shaker (Elektron-
ic model WL-2000 JW, Warsaw, Poland) and
optimization of the experimental conditions
like contact time for 24 h and stirring with a
constant speed 110 rpm at room temperature.
The stock nitrate solution with initial concen-
tration 132.86 mgNO,/L (after conversion to
nitrate ion 30.00 mgN-NO,/L) was prepared by
dissolving 0.2166 g of KNO, using a laborato-
ry scale in 1L of highly purified water (0.065
puS/em SolPure-7, Bielsko-Biala, Poland). Af-
ter the mixture was stirred for 10 min at room
temperature, its initial concentration was meas-
ured using laboratory spectrophotometer (UV-
Vis model DR 5000 HACH LANGE, reference
method: SM 4500-NO,-B). The required initial
concentrations of used nitrate solutions were
prepared by several dilutions in order to obtain
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series of samples with initial concentration
values for CH-1 (112.5; 93.0; 75.3; 46.5; 35.4;
36.3; 26.6; 21.3; 20.8; 18.2; 17.7; 14.2; 11.5;
8.4;8.0;5.3;5.1; 3.1; 2.7 mgNO,/L) and CH-2
(120.9;108.9;97.4; 74.4; 65.1; 56.7;, 48.7; 39.9;
33.2; 26.6; 20.8; 14.2; 8.9; 5.8; 2.6 mgNO,/L)
using previously prepared stock solution. The
experiment was carried out as follows: two se-
ries of 0.5g sample doses for each CH-1 and
CH-2 char adsorbent were shaken for 24 hours
at room temperature in the volume of 50 mL of
decreasing initial solutions. All samples were
agitated for predetermined times until equilib-
rium was attained.

In the next step, the samples were left to set-
tle (sedimentation process) for 60 minutes. Sub-
sequently, the samples were filtered using 0.2 pum
cellulose filters (MCE, Whatman, Maidstone, UK)
to separate the solid phase from the liquid phase.
This allowed for the determination of the nitrates
content (concentration) in the filtered liquid phase
(adsorbat) using the above described method for
each sample and given as mean values from three
measurements. Figure 1 shows schematically the
subsequent stages of laboratory tests.

Expressing the relationship between adsorb-
ate concentration present in the surrounding phase
(pollution removed form water solution e.g. ni-
trate ions) and adsorbate adsorbed concentration
on the surface of the adsorbent at equilibrium (per
unit mass of adsorbent, e.g. chars) and constant
temperature is known and called as the adsorp-
tion isotherm. All adsorption isotherm assumes
that every adsorption active site is equivalent and
does independent of either or not adjacent sites
are occupied [20]. All conducted tests and exami-
nations were repeated 3 times to confirm the reli-
ability of the obtained results. The data presented
in the paper are the arithmetic average of the per-
formed repetitions.

' 35" gt -
S
Mechanical shaker

T 7

Sorption preparation
0.5g char
30mgN-NOs/L

1 Q)
Sorption 3h 20°C 110 rpm Campling

Decanting for 1h

RESULTS AND DISSCUSION

Zero point of charge of CH-1 and CH-2 chars

In this paper we describe research on evalu-
ation of the potential and additionally assess the
effectiveness of nitrates adsorption from aqueous
solutions on different chars processed from tires
submitted for experiments. Additionally zero
point of charge (PZC) determination of CH-1 and
CH-2 chars for both types of studied chars was
assessed. PZC was determined using suspension
method. The method consist heterogeneous solu-
tion in the form of a suspension of solid particles
(char) in a liquid dispersing these particles. The
zero point of charge is the point at which the
number of positively charged groups is equal to
the concentration of negatively charged groups.
However, this does not mean that the surface has
no charge, but it does mean that the surface charge
components become zero under given conditions.

Based on the obtained experimentally data
(Table 1), a graphs showed in Figure 2, in which
the point of intersection of the data for a given ma-
terial surface (char) with the X axis represents the
PZC and that is the pH value at which this surface
has a neutral charge [21, 17]. PZC was obtained
from the plot of ApH = pH, — pH, against pH.. In
the view of the fact that pH regulates the degree
of ionization of basic and acidic compounds in
the adsorbate solution, it also determines the ad-
sorption efficiency [22]. Therefore, it may affect
the increase or decrease of the adsorption degree
and that is attributed to the change in the charge
of the adsorbent surface with the change in the pH
value [23, 24, 25].

The pH of solution from which adsorption oc-
curs may influence the extent of adsorption. pH
affects adsorption in that it governs the degree
of ionization of the acidic and basic compounds

— ==t J

— T
| Spectrophotometer 2
o

o

Syringe cellulose
filtration 0,2pm

Determination of N-NO; concentration
after sorption

Figure 1. Scheme of analysed batch adsorption system - the subsequent major steps of conducted experiments
on the NO, adsorption onto tires char form water solutions (self-made drawing - modified) [19]
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Figure 2. Plots of ApH against pH. for PZC suspension method for
0.1M; NaNO, for CH-1 (blue) and CH-2 (orange) chars

Therefore in general, initial pH value may in-
crease or decrease the uptake and this is attrib-
uted to the change of the charge of the adsorbent
surface with the change in pH value [15]. The
surface of studied material adsorb anions only if
it has positive charge at solution pH values less
than the PZC. Such situation occurs when an

acidic solution promotes protonation of surface
hydroxyl groups and resulting in positively sur-
face charging. Whereas, at solution pH > PZC of
material surface will have negative charge there-
fore opposite trend is observed and such surface
adsorb cations and that is attributed to the ioniza-
tion of acidic groups, mostly phenolic, carboxylic

Table 1. The pH values calculated form the ApH = pH, — pH, expression for CH-1 and CH-2 chars

CH-1 CH-2

pH, pH, ApH pH, pH, ApH
2.15 2.44 0.29 2.09 2.34 0.25
3.10 6.31 3.21 3.11 5.73 262
4.14 7.16 3.02 4.02 6.45 243
492 7.54 262 4.99 6.76 1.77
6.10 7.77 1,67 6.09 7.01 0.92
6.98 7.88 0.90 7.11 7.13 0.02
8.06 7.98 -0.08 8.08 7.25 -0.83
9.10 8.24 -0.86 8.96 7.37 -1.59
9.87 8.63 -1.24 9.80 7.46 -2.34
10.96 8.64 232 10.98 10.22 -0.76
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Table 2. Mathematical isotherm equations of used for modelling of adsorption equilibrium

Isotherm Abb. Equation formula Eq. Isotherm Abb. Equation formula Eg.
name no name no
L i L _ mKCe 1) | Freundlich | F " 6
angm o=t (1) | Froundiic 0 = KC? ©
__ 4mKC. Redlich- _ mKC.
Toth T 9= T+ (ke @ | peterson | RPet 9% =T+ KCp 7)
Dubinin- _ 2 Radke- __ GmKC,
Radushkevich | PR | l09ae = —n(log® (K- C)) +1og am | () | prayghnitz | RPT 9=+ xc,)n ®)
. _ qmKC Langmuir- _ qmKC)"
Fritz-Schlunder | F-S 9e =1y KCP @) | Freundiih L-F 9e =11 Kc)" ©)
Marczewski- _ qm(KC)™ . . . _ GnaKiCe | qm2KoC
Jaroniec M-J =T (Kc)m (®) | Bi-tangmuir | BiL | . =77 e e, | 19

and hydroxyl groups [26, 27, 28]. Taking into ac-
count the possibility of forming hydrogen bonds
and electrostatic adsorbent-adsorbate interac-
tions, the NO, anions are more strongly adsorbed
by materials with a positively charged surface. In
this study CH-1 char indicated higher tendency to
absorb NO, anions (pH,,. = 8.06 and solution pH
was approximately 7.0) compared to CH-2 char
(pH,,. = 7.11) and that was confirmed in equilib-
rium studies, presented below.

Isotherm parameters determination
- modelling part

Experiments on adsorption and determination
of'the relationship between sorbed and aqueous con-
centration of NO, ions onto CH-1 and CH-2 chars
were implemented under bath conditions. Different
10 adsorption isotherms were selected based on their
possible ability to accurately predict NO, adsorp-
tion (Langmuir, Bi-Langmuir, Freundlich, Lang-
muir-Freundlich, Dubinin-Radushkewich, Toth,
Redlich-Peterson, Radke-Praushnitz, Fritz-Schlun-
der and Marczewski-Jaroniec) and elaborated based
on the calculated results. The non-linear form of
isotherm equations (Eq. 1-10) are presented in the
Table 2. Using mass balance equation (Eq. 11) val-
ues of the concentration of NO, adsorbate ions in
the solid phase (g,) were determined to perform ad-
sorption isotherms. Considered isotherms let to in-
terpret relation between the changes in equilibrium
concentration (C) of nitrate ions in the solution (li-
quid phase) and the equilibrium adsorption capacity
(g,) of nitrate ions in the adsorbent (solid phase) at
particular adsorption equilibrium.

(CO—Ce)-V
= GV (11)
where: g, — equilibrium concentration of adsor-
bate (NO,) in the adsorber, (mg/g); C,

qe

— initial adsorbate concentration in water
solution, (mg/L); C,— equilibrium adsor-
bate concentrations in the aqueous solu-
tion, (mg/L); ¥ — NO, solution volume,
(L); m — mass of CH-1 and CH-2 adsorb-
ent used, respectively (g).

The efficiency percentage of removed ni-
trates, was obtained according to Eq. 12 and
shown in Figure 4.

(12)

where: C, — the initial NO, concentration in solu-
tion (rng/L); C[— the final (equl'hbnum) NO,
concentration in aqueous solution (mg/L).

. Co—Cp)-100
% removal ef ficiency = %
0

The adsorption capacity (¢, ) and the ad-
sorption equilibrium constant (K) determining
heterogeneity of sorbent surface (7) in equations
were key parameters of considered isotherms.
Different 10 commonly known mathematical
equations of isotherms were used (Table 2, Eq.
1-10) for calculation. The original form of non-
linear isotherm equations was used to model the
experimental data for modeling and to maintain
the integrity of experimental data (estimated mod-
eling results),. The rationale for using nonlinear
equations is to avoid errors that may result from
using a linearized form of equations that have
already been transformed, which in turn leads to
errors [29, 30]. Using math computer software
Maplesoft (version 16.2), a models fitting were
made using a nonlinear regression method based
on the Levenberg—Marquardt algorithm [31] ap-
plied to minimize the sum of the squares of the
error (SSE) function (Eq. 13).

SSE = Zévzl(Qe - qemod)i2 (13)
where: N — the experimental points (sam-
ples) number; g, — the NO, equilibrium
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concentration in the adsorbent — solid
phase, (mg/g); q,, ,— equilibrium concen-
tration of NO, in the adsorbent obtained
(calculated) from the model, (mg/g).

Adsorption isotherms constants and error
functions for exanimated chars CH-1 and CH-2
are presented in Table 3, respectively. The fitting
quality of the experimental data to the modelled
isotherms was assessed based on the analysis of
the modeling results, namely on the basis of the
value of sorption capacity (g, ,) obtained in the
calculations, which was closest to the maximum
adsorption capacity (¢, ) obtained in the ex-
perimental part. Additionally, the adequacy and
quality of model in relation to the experimental
data were assessed and evaluated based on error
functions: Fisher test (F) — evaluated by achieved

highest value, mean error — evaluated by calculat-
ed highest value, (ME) and approximation of the
standard deviation — evaluated as obtained lowest
value (o).

2

_ (N—l)Z'i\il (Qe,i_%zgil Qe,i)
- 2
(N_l)Z?,:l (QE,i_Qmad,i)

(14)

1 2
0= N__IZ?I:l(CIe,i - Qmod,i) (15)

dei—9mod,i

1N
ME = =).;C
N 2i=1 de,i

(16)

All calculated empirical model (Eq. 1-10)
parameters and determination of error functions
values (Eq. 14—16) are tabulated in Table 3. Fig-
ure 3 shows plot comparing experimental data
(dot line) to selected best fitted isotherms for both
CH-1 and CH-2 chars (line), respectively.

Table 3. Equilibrium isotherm parameters for CH-1 (grey rows) and CH-2 (white rows) chars

Isotherm K Qomog IMA/Q] n F ME o
] 0.047 12.932 - 24.014 619.654 0672
0.0116 11.161 - 22714 273.577 0473
i 1.464 - 2196 6.378 995.012 1305
0.290 - 1515 11.963 440.302 0.652
. 4111 1.05E + 08 0.036 6.453 970728 1297
0.0001 1.05E + 08 0.049 9.891 574.216 0.717
ot 0.005 77.032 1396 44884 489,541 0.491
-Fe
0.0002 619.491 1823 42.768 223.746 0.345
R 0.013 9.794 0517 73.150 323.889 0.385
0.0085 6.011 0.934 88.664 14.844 0.240
o 0.012 40.944 2.043 37.403 528.020 0538
-Pr
0.0004 284.129 16.924 29.769 256.466 0.413
0.012 7.945 n,=1.843, 125598 233.932 0.294
n, = 1.791
F-S
- 1.492,
0.0003 78.069 ! 92.525 72.226 0.234
=1.975
B 0.075 10.056 1707 124.550 255.315 0.295
0.028 6.754 1.911 68.868 37.957 0272
0.086 9.014 m =1.791, 125598 233.902 0.294
n=1.843
M-J 2.880
m = 2.880,
231.709 0.008 Nz 28 10.122 440301 0.709
K, = 0.047, q,=7.323, ]
. K= 0,048 et 22.413 619.654 0.696
I_
K.= 0012 q. = 5.581
1 ' 1 , -
< oot e 19.222 273577 0515

Note: K — the equilibrium constant (dimensionless); ¢

emod

—concentration of NO, in the sorbent at equilibrium

calculated from model (mg/g); n and m — constants determining heterogeneity of adsorbent surface (-); ME — mean
error; F'— Fisher test; o — approximation of the standard deviation. For distinction: CH-1 char — obtained data in
grey rows in the above table (g, _from experiment 10.07 mg/g); CH-2 char — obtained data in white rows in the

above table (¢, _from experiment 5.87 mg/g).

emax
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@ experimental data for CH-1 char model L-F
12
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Figure 3. Adsorption isotherms plot of NO, on CH-1 and CH-2 chars fitted to
the Langmuir-Freundlich nonlinear adsorption model isotherm

Analyzing the obtained experimental data
and its correlation to estimated values, best cor-
relation were indicated by the three-parameters
isotherm equations analyzed, namely L-F and
D-R isotherms. Obtained results indicate that
the adsorption of NO, on CH-1 and CH-2 char
sorbents occurs including both physical adsorp-
tion and chemical adsorption. Fundamentally, the
surface interactions take place through intermo-
lecular Van der Waal forces and induced dipole
interactions and chemical reactions which are
related to the saturation of active sites on the ad-
sorbent surface occur between the adsorbate and
the adsorbent.

Considering NO, sorption onto CH-1 char,
the best fit of the L-F model (Eq. 9) is evidenced
by error functions ¢ = 0.295, ME =255.315 and F
= 124.550. Another parameter collaborating L-F
model is the calculated value of the maximum
achievable adsorption capacity (¢, = 10.06
mg/g) resulting from mathematical modelling
which is the closestto ¢, = 10.07 g/mg.

Whereas according to CH-2 char, the D-R
isotherm practically, was most consistent with
the experimental conditions including error func-
tions values (ME = 14.844, F = 88.664, and ¢ =
0.240) and adsorption capacity parameter g, =
5.87 mg/g close to ¢, ,= 6.01 mg/g. However,
both correlation results for D-R and L-F isotherm
regarding to CH-2 char are very similar. Namely,
estimated adsorption capacity parameter result-
ing from mathematical modelling for L-F model
was ¢, = 6.75 mg/g and error functions val-
ues ME = 37.957, F = 68.868, and ¢ = 0.272,
respectively. The last criterion of best L-F model
correlation to experimental data was a visual as-
sessment of the course of isotherm modeled as
a measure of fit based on the graphs prepared,
for both considered chars. Therefore, according
to L-F isotherm assumptions it can be assumed
that most likely the adsorption mechanism indi-
cate both monolayer and multilayer adsorption
effects of adsorbent by adsorbate molecules.
The L-F isotherm was created by combining L
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Figure 4. Removal efficiency for CH-1 and CH-2 chars for C, form 2.66 to 132.86 mg/L

and F isotherms, and its purpose was to create
the possibility of predicting adsorption in hetero-
geneous systems. In addition, L-F isotherm also
solved the problem of the limitation of the rising
adsorbate concentration, related to the original
form of the F isotherm. In the view of that fact, at
high adsorbate concentrations L-F isotherm pre-
dicts maximum coverage of the adsorbent sur-
face and at low adsorbate concentrations reduces
to the Freundlich isotherm [32]. Therefore, the
interpretation of parameters for the most suita-
ble models is another crucial step in accurately
understanding the nature of adsorption on char
surface. As the investigation of the NO, adsorp-
tion mechanism revealed that Freundlich-Lang-
muir and D-R models demonstrate a high degree
of precision in predicting the adsorption behav-
iour of NO, ions on the CH-1 and CH-2 surface,
thus confirming most probably the occurrence of
multilayer sorption on the energetically hetero-
geneous surface.

Figure 4 shows percentage removal of ni-
trates efficiency for CH-1 and CH-2 chars. Ac-
cording to the obtained calculations based on ex-
perimental studies, the highest percentage of NO,
removal efficiency was attained for the initial
concentration of 26.44 mg/L, which was 80.74%
for CH-1, whereas for CH-2 the maximum per-
centage value is lower and obtained 50.00% for
the initial concentration 53.2 mg/L. Comparing
obtained results for both series, the highest per-
centage of NO, removal efficiency was for CH-1
achieved for NO, initial concentration range from
26.44 to 66.55 mg/L, respectively reaching val-
ues in the range of from 80.74 to 78.7% (includ-
ing eight consecutive experimental points), while
for CH-2 char in the range of 26.74-53.20 mg/L
efficiency trend obtained values were from 47.0
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to 49.99% (including three consecutive experi-
mental points). The difference in the highest per-
centage of NO, removal efficiency between two
exanimated chars was 30% obtained for CH-1.

CONCLUSION

In this work, the two types of chars CH-1 and
CH-2 derived from used tires obtained through
commercial-scale pyrolysis for NO, capture ap-
plication have been studied towards NO, removal
form water solutions for the first time. Conduct-
ed studies indicated that suspension method was
suitable to determine the PZC for investigat-
ed chars. CH-2 char with close to neutral pH,, .
(7.11) most probably could be used to remove
both cation or anion species from aqueous solu-
tions depend on pH on tested solution, whereas
for CH-1 pH,,. (8.06) indicated slightly higher
tendency to absorb anions which was confirmed
in experimental studies.

Adsorption studies showed that the Freun-
dlich-Langmuir isotherm may be dependable
method for predicting NO, adsorption mechanism
for both CH-1 and CH-2 chars. This conclusion
was based on calculated error functions and the
dependency between experimentally established
adsorption capacity parameter (¢, = 10.07 mg/g
andg, = 35.87 mg/g) to estimated adsorption ca-
pacity (¢, = 10.07 g/mg and ¢, = 6.01 mg/g),
for CH-1 char and CH-2 char respectively.

This investigation revealed that L-F and D-R
models demonstrated a high degree of precision
in predicting the NO, ions adsorption behaviour
onto CH-1 and CH-2 char surface, and confirm-
ing the occurrence of multilayer sorption on the
heterogeneous char surface.
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In conclusion, this study investigated the po-
tential for chars obtained from the industrial-scale
pyrolysis, which yields a valuable product in the
form of char which may be used as an adsorbent
(eg. to remove NO, ions form water). However,
both materials require further extended studies in
batch and column experiments to assess their ef-
ficiency in different conditions to establish most
optimal removal capacity towards NO, ions. Thus
further studies and interpretation may be neces-
sary to fully understand the relationship between
adsorbate and adsorbent in this context. In over-
all, this research may be assigned to sustainable
waste management practices for repurposing
globally discarded wasted tires.
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