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Abstract: To obtain a new modified sorbent, the conditions for maximum sorption of the chelate reagent 2-
(4-sulfophenylazo)-1-amino-8-hydroxynaphthalene-3,6-disulfonic acid (SPAAHS) by a strongly basic AB-17
anion exchanger were selected. The conditions for modifying the anion exchanger were studied by
spectrophotometric analysis on a Specord 210 Plus spectrophotometer from Analytik Jena. The influence of
such factors as the acidity of the solution, the contact time of the sorbent with the sorbate, and the
concentration of SPAAHS on the sorption process was analyzed. According to the saturation curves, the
static capacity of the anion exchange resin for the sorbed reagent was established. Also, the description of
the adsorption isotherm of SPAAHS with the AB-17 anion exchanger was performed using the models of
Langmuir, Freundlich, Temkin and Redlich-Peterson. To calculate the value of the ABerage free energy of
adsorption, the adsorption isotherm of SPAAHS with the AB-17 anion exchanger was processed using the
Dubinin-Radushkevich model. On the basis of the results obtained, conclusions were made about the nature
of the bond between the anion exchanger and the sorbed reagent. To prove the proposed mechanism of
sorption of SPAAHS by the AB-17 anion exchanger by the density of functional theory (DFT) method, using
the Orca 4.2.0 program, an estimated quantum-chemical calculation of the dissociation energies of various
acidic functional groups according to which an exchange reaction is possible on the anion exchanger AB-17.
Keywords: sorption, AB-17 anion exchanger, p-sulfobenzene-azo-As acid, modified sorbent, isotherm
models, quantum-chemical calculations, adsorption mechanism.
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Introduction

The state of the environment is the most  biological treatment facilities leads to the

decrease in the

important factor for mankind and society to
exist. The problem of soil and water pollution
with toxic substances, industrial and household
waste is becoming the main cause of
environmental destruction in the modern world.

Synthetic dyes are one of the classes of
toxic compounds that have a serious impact on
the environment [1]. Industrial wastewater
containing synthetic dyes when released into the
environment leads to a decrease in the
penetration of daylight into the water column,
which in turn affects the natural biochemical
processes occurring in water bodies [2]. In
addition, the ingress of synthetic dyes on

efficiency of biological
treatment due to sorption on the surface of
suspended particles of activated sludge [3]. The
aromatic structure of synthetic dyes makes them
resistant to biological oxidation. Synthetic dyes
can be conditionally divided into anionic,
cationic, nonionic, etc. Cationic dyes are more
toxic than anionic ones [4].

Obtaining new selective sorbents for
wastewater treatment is an urgent task of
modern chemistry and chemical ecology, since
the scale of production is constantly expanding
and the requirements for water quality are
growing [5]. Modern sorbents are used both for
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the sorption of organic reagents [6-9] and for
purification from toxic metal ions [10-13]. A
large number of studies deal with the removal of
synthetic dyes [14-17]. Various materials were
used as adsorbents to remove dyes, such as
silica gel [18-20], activated carbons [21-23],
magnetic materials based on iron compounds
[24], metal hydroxides [25], and other
mesoporous materials [26]. The search for
regenerated sorption materials for the removal
of dyes from aqueous solutions is an urgent
problem. At the same time, the regenerated

sorbent can be used for subsequent cycles of
removing dyes from aqueous solutions. In this
case, the selective extraction of cationic dyes
will allow them to be returned to the dyeing
bath. In this regard, in this work, we studied the

sorption of a model compound 2-(4-
sulfophenylazo)-1-amino-8-
hydroxynaphthalene-3,6-disulfonic acid

(SPAAHS) which has the properties of cationic
dyes, on a commercially abailable AB-17 anion
exchanger.

Experimental

Reagents and equipment. The strongly
basic anionite AB-17 in the OH form was
chosen as the sorbent. A dye solution with a
concentration of 1x10° M was prepared by
dissolving its exact weight in distilled water
alkalized with a 1 M sodium hydroxide solution.

To create a certain pH value in the
systems under study, 0.1 M solutions of HCI
and NaOH were used. The pH values of the
studied solutions were monitored using a pH-
150MI universal ion meter and the mass of
substances was measured on an HTR-220CE
analytical balance.

Studies of the effect of pH. Solutions
with pH values from 1.0 to 12.0, containing 2.0

nini B nres

ml of SPAAHS solution with a concentration of
1x10° M and 0.025 g of AB-17 anion
exchanger, were prepared in 100 ml bottles.

The resulting system was stirred on a
mechanical stirrer for an hour at a temperature
of 20£2°C. Then it was filtered through a “white
ribbon” filter, rinsing with distilled water. The
filtrate and washing water were collected in
volumetric flasks with a capacity of 50 ml, the
volume of the solution was brought up to the
mark with distilled water, the pH was checked,
and the amount of the unsorbed component was
determined on a spectrophotometer. The degree
of sorption (R, %) was calculated by the
formula:

R=—"—".100,% (1)

n

ini

where njp; is the initial amount of the dye, mmol,
Nres IS the amount of dye after sorption, mmol.
Research into the effect of duration to
phase contact. The study of the dependence of
the degree of sorption on the duration of phase
contact was carried out in the range from 5 to
120 min. For this purpose, a series of solutions
were prepared containing 2.0 ml of the reagent
with a concentration of 1x10° M and 0.025 g of
the AB-17 anion exchanger, and the optimal pH
value was set. The solutions were then filtered
through a white ribbon filter, the amount of the
unsorbed component determined on a
spectrophotometer, and the degree of sorption
was calculated using formula (1). Based on the
data obtained, a plot of the dependence of the
degree of sorption of the reagent on the duration
of the contact of the phases was built, from

which the time of sorption of the maximum
amount of the reagent was determined.

Studies of the effect of dye concentration.
To plot the sorption isotherm of SPAAHS with
an AB-17 anion exchanger, a series of solutions
with a sorbent mass of 0.025 g and an
increasing content of SPAAHS (2.5; 5.0; 7.5;
10.0; 12.5; 15.0; 17.5; 20.0 ml with an initial
concentration of 1x10° M) at optimal pH
values and phase contact time.

After the sorption of time, the amount of
the unsorbed reagent was determined by the
spectrophotometric method, and a plot of the
dependence of the amount of the sorbed reagent
(a, mmol/g) on the equilibrium concentration
(Ceq, mmol/l) was plotted. The sorption value (a,
mmol/g) was found by the formula:
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S
where njp; is the initial amount of the dye, mmol,
Nres 1S the amount of dye after sorption, mmol;
ms is the mass of the sorbent, g.

Establishment of the probable sorption
mechanism. To elucidate the mechanism of
chemisorption of SPAAHS on the AB-17 anion
exchanger by the density functional theory
(DFT) method [27], using the Gaussian 09W
program, an estimated quantum-chemical
calculation of the dissociation energies of
various acidic functional groups, according to

E;.=E, +E,

where E,_,. is the total energy of the studied
acid molecule in the aquatic environment,
E,. s the total energy of the anion of the acid

=N
——" mmol/g

@)

which the exchange reaction on the AV-17
anion exchanger is possible with release of
HCI. The geometric optimization of the
molecule under study was carried out at the
level of the B3LYP/6-311++g(d,p) theory with a
minimum spin  multiplicity and taking into
account the influence of the aqueous medium at
the level of the CPCM model theory [28].

The dissociation energy was calculated by
the formula:

3)

- EHAC

residue of the studied acid molecule in an
aqueous medium, E_. is the energy of the H+

cation in an agueous medium.

Results and discussion

Effect of pH. The acidity of the medium
is one of the main factors influencing the degree
of the reaction of SPAAHS with the AB-17
anion exchanger. The results of the study of the
dependence of the degree of sorption of
SPAAHS on the pH of the solution are shown in

R, %
A
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99 ]
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9

]
95

fig. 1. The results of the experiment showed that
the maximum degree of sorption of the reagent
is observed at pH equal to 9.0. At a given pH
value, all sulfo groups of the reagent are in a
deprotonated state.

98 1 H_/_.,o—o—o/\‘_.
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Fig. 1. Effect of the solution pH to the degree of sorption of SPAAHS on the AB-17 anion
exchanger (ms= 0.025 r, V=2.0 ml, Cyesq = 1x10°M)

Effect of phase contact duration. The
results of the study carried out at the selected
value of the acidity of the medium are shown in
Fig. 2. It was established that the most complete

sorption of the reagent occurs after 90 minutes
of shaking when no value of the sorption degree
practically changes.
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Fig. 2. Effect of the duration of phase contact to the degree of sorption of SPAAHS on the anion
exchanger AB-17 on (ms= 0.025 1, V=2.0 ml, Creag= 1x107°M, pH=9.0)

Isotherm analysis. The sorption isotherm
of SPAAHS with the AB-17 anion exchanger is
shown in Fig.3. The statistical capacity of the
anion exchanger AB-17 for SPAAHS, found by
extrapolation directly to the y-axis from the

a, mmol'g
A

0.16 4

0.12 4

0,08

0.04 4

surface of the plateau of the adsorption
isotherm, was 0.155 mmol/g. Given the large
size of the molecules of the sorbed reagent, the
sorbent under study is characterized by good
capacitance capabilities.

0

03 04
Coy- mmol]

Fig. 3. Sorption isotherm of SPAAHS with AB-17 anion exchanger
(Meops.= 0.025 1, pH = 9.0, T = 90 min)

As is evident from Fig. 3, a low
percentage of the reagent adsorption is observed
in the initial section of the isotherm. This
indicates a strong intermolecular interaction of
the adsorbate.

azm is the Langmuir adsorption equation [29]

1+K, -C,

1

a=K; -qu is the Freindlich adsorption equation [30]

azl-ln(KT -C,,) s the Temkin adsorption equation [31]
(04

To describe the obtained isotherm, the
models of Langmuir, Freindlich, Temkin, and
Redlich-Peterson described by the following
adsorption equations, were used:

(4),

(®),
(6),
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_ Ky-C,
l+a-Cl

To calculate the constants, the
adsorption equations were transformed into their

Ceq _ 1 1
. KL

max

lga=Ig K. +£-Ceq is the Freindlich adsorption equation
n

a

K,-C
lg| —2—9—1|=Iga+B-lgC,, is the Redlich-Peterson adsorption equation
g g Qe
a

As distinct from other adsorption
equations containing two constants each, the
Redlich-Peterson adsorption equation contains
three constants. Therefore, it is not possible to
use its linear form to calculate the values of the
constants. To solve this problem, we applied the
minimization procedure given in [31].
Proceeding from the experimental data on the
adsorption values (a) and the corresponding
equilibrium concentrations of the adsorbate
(Ceq), Vvalues of the parameters K, a and g
were empirically selected so that the difference
between the right and left parts of the linear
equation (11) was minimal. Empirically, the
value of Kg is chosen, so that the

condition
Kz -Ceq .
lg -1|=lga+p-gC,,=036. Using
a

the Ky value, a dependency graph was built

K,-C
Ig(M—lJ from IgC,, and calculated the
a

is the Redlich-Peterson adsorption equation [32]

+ " -C,, Is the Langmuir adsorption equation

a:1 In K¢ +lln C,, Is the Temkin adsorption equation
n

(),

linear forms of the following form:

(@),

(9),

(10),

(12).

real values of the constants K, a and g.

To calculate the constants of the
equations, graphical dependencies are built as
follows:

C
= from C_,is for the Langmuir adsorption
a

equation,
lga from IgC,, is for the Freindlich adsorption
equation,
a from InC,, is for the Temkin adsorption

equation,
K, -C
IQ(M—lj from IgC,, is for the Redlich-

a
Peterson adsorption equation.

The constants of the corresponding
equations were calculated from the section cut
off on the y-axis and from the tangent of the
slope angle.

The constants of all used models are
summarized and shown in Table 1.

Table 1. Equation constants of the SPAAHS adsorption models on the AB-17 anion exchanger

Ne Model type Model parameters

1 Langmuir K, I/mmol amax, mmol/g R’
8.119 0.22 0.9135

2 | Freindlich Ke, (mmol/g)-( I/mmol)" n R’
2.848 1.741 0.9122

CHEMICAL PROBLEMS 2022 no. 1 (20)
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3 | Temkin K, I/mmol o R’
101 22.83 0.89146

4 | Redlich-Peterson Kr, I/g o B R’
667.5 34.3 1.5207 0.8189

In terms of applicability for the
description of the adsorption process of
SPAAHS with the AB-17 anion exchanger, the

considered adsorption models can be arranged
in the following order:

Model: Langmuir Freindlich Temkin Redlich-

Peterson

R 0.9135 0.9122 0.89146 0.8189
From the results of the experiment, it can Taking into account the calculated

be seen that the most suitable model is the
Langmuir model. This indicates that a
monomolecular adsorbate layer is formed on the
surface of the sorbent, and all active centers
have equal energy and enthalpy.

0,22-C,,
a=——"——
1+8119-C,,

The mechanism of the adsorption

process. The Langmuir, Freindlich, Temkin and
Redlich-Peterson models which are analyzed in

— the Langmuir equation

adsorption constants, the following adsorption
equations for SPAAHS with the AB-17 anion
exchanger are proposed:

(12)

computational and experimental methods. To
obtain data on the mechanism of the adsorption
process, the equilibrium data were processed

this paper, despite their wide application, do not using the Dubinin-Radushkevich isotherm
provide information about the adsorption model [33]. The Dubinin-Radushkevich
mechanism. To establish the proposed equation has the form
mechanism  of adsorption, we applied
a:amax'exD(_k'gz) (13),
where e=RT- In(1+ iJ (14).
Ceq

Taking the logarithm of expression (14),
we obtained a linear form of the following form

Ina=Ina,, —k-&£* (15) and built a dependency

graph in coordinates Ina from &*. The results
are shown in fig. 4.
The results are summarized in Table. 2.
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Fig. 4. Dubinin-Radushkevich adsorption isotherm for the constants calculation.

Table 2. Equation constants of the models describing the adsorption of SPAAHS
with the AB-17 anion exchanger
Dubinin-Radushkevich K, mol°/kJ? amax, mmol/g R?

model 20.0041 0.74 0.897

» 1 40 s
“ ogg? "9\ . .'*34“
3 @ @ 6. ™ ,
L9 ' —
W : W -

X 054

oL PR 1)
. |48

¢ @

Fig. 5. Optimized structure, atomic charges (numbers in the center of atoms) and lengths of various
chemical bonds (numbers between atoms) of the SPAAHS molecule

The Dubinin-Radushkevich model is of adsorption on the adsorbent.
applicable for calculating the average free The calculated value of E, equal to 11.04
energy of adsorption according to equation kJ/mol indicates that the adsorption process of
E=(=2-K)™% (16) which indicates the nature SPAAHS with the AB-17 anion exchanger

CHEMICAL PROBLEMS 2022 no. 1 (20)
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proceeds with the formation of stable ionic
bonds.

Fig. 5 shows the structure of the
optimized SPAAHS molecule, the distribution
of charges on atoms, and the lengths of various
chemical bonds according to the data of the B
97-3c method, without taking into account the
influence of the agueous medium. Also, in Fig.
5, the numbers 1, 2, 3, and 4 indicate the
possible directions of exchange reactions on the
surface of the AB-17 anion exchanger with the

release of HCI.
Table 3 is illustrative of the calculated
total energies of the SPAAHS molecule (HAc)

and its acidic residues (Ac;, Ac,, Ac, and

Ac;, ) formed upon elimination of the H" cation
from various functional groups indicated in Fig.
5 numbers 1, 2, 3 and 4, respectively. The last
column of this Table shows the dissociation
energies of various acidic functional groups
calculated by formula 3.

Table 3. Total calculated energies of reactants and dissociation reactions

Reactants Total energy, Eh* Reaction [(Zir?:?g/?tlizohn
HAc -2727.625 - _
Ac; -2727.103 HAc — Ac; +H" 0.522
Ac, -2727.126 HAC — Ac; +H" 0.499
Ay -2727.094 HAC — Ac; +H" 0.531
Ac, -2727.076 HAC — Ac, +H' 0.549
H* 0.0 ~ _

* Eh — atomic unit of energy (Hartree energy)

As can be seen from fig. 5, the optimized
structure of the SPAAHS  molecule, which
has a minimum energy, has the structure of an
internal salt with a spatial charge separation (—
SO;— and —N+H-) at the sulfo group indicated
by the number 4. This indicates that this
direction is the most probable in the formation
of chemical bonds with the AB-17 anion

exchanger as a result of the chemisorption
exchange reaction (especially at high pH). The
next likely direction based on the data in Table.
3 is a phenolic hydroxyl group denoted by the
number 2, because its dissociation proceeds
with the least energy absorption. The rest of the
directions are relatively unlikely.

Conclusion

The quantitative characteristics of the
sorption of SPAAHS by the AB-17 sorbent
were determined. It was established that the
maximum degree of the reagent sorption is
observed in the pH range of 9.0 after 90 minutes
of shaking. The statistical capacity for the
reagent was 0.155 mmol/g. It is shown that the
Langmuir model is the most suitable model for
describing the process of SPAAHS adsorption
with the AB-17 anion exchanger which
indicates that a monomolecular adsorbate layer

is formed on the sorbent surface, and all active
centers have equal energy and enthalpy. The
calculated value of E, equal to 11.04 kJ/mol
indicates that the adsorption of SPAAHS with
the AB-17 anion exchanger occurs due to the
formation of stable ionic bonds. Based on the
results of quantum chemical calculations, the
most probable mechanism of chemisorption on
the AB-17 anion exchanger is reactions at the
sulfo group 4 and the phenolic hydroxyl group 2
of the SPAAHS molecule.

CHEMICAL PROBLEMS 2022 no. 1 (20)
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RESEARCH INTO SORPTION CONDITIONS OF 17

H3YYEHHE YCJIOBHH COPBIIHH IT-CYJIb®OBEH30/1-A30-AIIl KHC/JIOThI HA
AHHUOHHUTE AB-17

M.A. baoyes, 'A.B. Hcaes, *3.A. Anunosa, > C.H. Cyneitmanos

Ylacecmancruii 20CY0apCcmeeHublll yHUugepcumen,
yan. M. I'aoocuesa 43a. e. Maxauxana, 367001. Poccuiickas @edepayusi;,
E-mail: babuev77@mail.ru
2 lacecmanckuii @eodepanvubiii uccreoosamenvekuil yenmp Poccuiickoii akademuu nayk,
ya. M. T'adorcuesa, 45, 367000, 2. Maxaukana, Poccutickas @edepayus;
E-mail: s.sagim.i@ya.ru

Annomauusn. C yeivio nonyueHus HO8020 MOOUDUUYUPOBAHHO20 COpOeHma NoO0OPaAHLL VCI0BUsL
MAKCUMANILHOU  copOyuu  Xenamnoeo peazenma n-cyivgpoodenson-azo-Aw xuciomsS (n-CbAAK)
CUTLHOOCHOBHLIM — anuoHumom AB-17.  Vcnosus moouguyuposanus anuonuma  usydanu
cnekmpogomomempuieckum memooom anamuza na cnexkmpogomomempe Specord 210 Plus
Pupmoer «Analytik Jenay. Hccredosano enusnue KUCIOMHOCMU pACMEOPA, 6PeMEeHU KOHMAKMA
copbenma ¢ copoamom, konyenmpayuu n-CbAAK na npoyecc copoyuu. I[lo kpuvim HacwlueHus
VCMAHOBNIeHA CMamuyeckdss emMKOCmb AHUOHUMA no copoupyemomy peazenmy. Onucanue
usomepmwul adcopoyuu n-ChAAK anuonumom AB-17 ocywecmeneno ¢ npumeHenuem Mmooeneu
Jlenemwopa, @peiinonuxa, Temxuna u Peonuxa - Ilemepcowna. /lna pacuema 3Hauenus cpeowel
€60000H01 3Hepeuu adcopoyuu uzomepma aocopoyuu n-CbAAK anuonumom AB-17 obpabomana c
nomowpio mooenu [[younuna - Paoywxesuua. Ha ocnoge nonyuenHulx pe3yivmamog cOelaHvl
8b1600bL 0 NPUPOOE CEA3U MEAHCOY AHUOHUMOM U cOpOUpyembiM peaceHmom. /s dokazamenvcmea
npeononazaemozo mexaunusma copoyuu n-CBAAK anuonumom AB-17 memodom meopuu
¢ynxyuonana niomuocmu (DFT) ¢ nomowwio npoepammur Orca 4.2.0 nposeden oyenouHwlil
K8AHMOBO-XUMUYECKUL pacyem SHepeuti OUCCOYUAYUU PA3TUYHBIX KUCTOMHBIX (DYHKYUOHATbHBIX
2pynn, no KOMopwbiM 803MONCHA 0OMeHHasn peakyus Ha aHuoHume AB-17.

Knwueevie cnosa:  copoyus,  amuonum  AB-17,  n-cynvghobenzon-azo-Aw  kucnoma,
MoOupuyuposannviti copbernm, Mooenu U30mepm, KEAHMOBO-XUMUUECKUE DACYembl, MeXaHu3m
aocopoyuu.

2-(4-SULFOFENILAZ0)-1-AMINO-8-HIDROKSINAFTALIN-3,6-DISULFO TURSUSUNUN
AB-17 ANIONITDO SORBSIYA SORAITININ TODQIQI

M.A. Babuev, A.B. Isaev, Z.A. Alilova, S.I. Suleymanov

'Dagistan Déviat Universiteti,
M.Haciyev kiig., 43a, 36700, Mahagqala, Rusiya Federasiyast
E-mail: babuev77@mail.ru
’Rusiya Elmlor Akademiyasinin Dagistan tadgigat markazi,
M.Haciyev kiic., 45, 367000, Mahagqala, Rusiya Federasiyasi
E-mail: s.sagim.i@ya.ru

Xiilasa: Yeni modifikasiya olunmus sorbent almaq magsadilo AB-17 anioniti iizorindo 2-(4-
sulfofenilazo)-1-amino-8-hidroksinaftalin-3,6-disulfo tursusunun (SPAAHS) maksimal sorbsiya
soraiti oyranilmisdir. Doyma ayrilorina gora, AB-17 anionitinin sorbsiya olunmus reagenta gora
statik tutumu miiayyon edilmisdir. AB-17 anionitin iizorindo SPAAHS adsorbsiya izoterminin
tosviri Langmuir, Freindlich, Temkin vo Redlich-Peterson modellarindan istifads etmoklo
aparimigdir. Adsorbsiyanmin orta sarbast enerjisinin qiymatini hesablamaq iigiin adsorbsiya
izotermi Dubinin-Raduskevi¢ modelindon istifado etmaklo ilo islonmisdir.

Acgar sézlar: sorbsiya, AB-17 anioniti, p-sulfobenzol-azo-H tursusu, modifikasiya, izoterm
modellari.
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