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Abstract. The investigation of thermodynamic pecu-
liarities of bromphenol blue (BB) eimination from
aqueous solutions using solvent sublation technique has
been carried out. Thermodynamic properties of acid dye
(BB) interaction with cationic surfactant cetylpyridinium
chloride (CPC), applying Kharash method and
HyperCube HyperChem Professional software were
studied. It was proven that dye-surfactant ion complex
formation is a spontaneous process and does not require
any external forcesfor itsrun.
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1. Introduction

Unfortunately, Ukraine does not remain unin-
volved in water pollution problem, moreover it expe-
riences its exacerbation phase. According to international
standards, al of our big rivers and their tributaries belong
to the category of polluted or highly polluted waters. At
the same time synthetic dyes play one of the key roles in
water contaminating. These compounds can not be
biochemically decomposed in agueous systems due to
their complicated chemical structure, hence local sewage
treatment plants can not cope with such impurities.
Because of the potentiating effect the result of dyes
interactions with other water pollutants is often
unpredictable. In addition, dyestuff is quite toxic for some
flora and fauna species due to aromatic rings and chlorine
substituents in its structure, entailing the extinction of
different water inhabitants.

Since dyes can cause sdf-treatment processes
disruption and bring a serious risk of human diseases, they
are extremely hazardous and have to be eliminated from
surface water basins[1].

There are numerous water treatment techniques
that provide either imination or destruction of synthetic
dyes. However, they are often inappropriate due to their

expensive application, ineffectiveness or dludge pro-
duction. In this case solvent sublation is a good
aternative. It is a kind of special adsorptive bubble
separation technique that excludes the possibility of foam
formation. Some amount of organic solvent placed on the
top of aqueous phase is used to collect the sublate
adsorbed on bubble surfaces of an ascending gas stream.
This method, with its advantages of smultaneous
separation and concentration, has recently attracted much
attention in many fields [2-4].

Previous work of this team [5] addressed the
following: experimental evaluation of solvent sublation
effectiveness in the case of acid dye (BB) removal, inves-
tigation of its main principles, adequate mathematical
model  derivation, and determination of optimum
conditions. However, physicochemical properties of
analysed system remained undiscussed. Thermodynamic
studies of processes occurring at different solvent
sublation stages were carried out by several authors. For
instance, K. Valsarg [6] focused on the investigation of
such thermodynamic parameters as. free energy,
interfacial energy, enthalpy, and entropy of mass transfer
from the bulk aqueous solution to the air-water interface
for hydrophobic compounds of environmenta interest. Lu
and Zhu [7] studied the energy of the dye-surfactant
complex attraction to the surface of ascending bubble. They
also compared solvation-sublation to flotation process and
proposed to use the same equation expressing the surface
excess value for both techniques. In [8] researchers
conducted studies on thermodynamic behaviour (surface
tension, surface excess, molecular area, and the free
adsorption energy) of surface active agents during their
adsorption on the air-water interface (bubbles surface).

Our current investigation deas with thermo-
dynamic parameters of the interaction between anionic
dye BB and the surface active agent with opposite
charge — CPC at surfactant concentrations below the
critical micelle concentration (CMC). Calculations were
made using Kharash method and HyperCube HyperChem
Professional v8.0.6.
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2. Theoretical

2.1. Process Mechanism
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Before carrying out thermodynamic calculations it is necessary to define the mechanism of formation of
cetyl pyridinium-bromphenol blue (CP-BB) ion associates after the interaction between cationic surface agent CPC and
anionic dye BB at submicellar surfactant concentration (Egs. (1) and (2)).

CoH,oBr,O.S + 2C, HCIN P [C,HN], [C,sH,Br,O,S]+ 2HCI. (1)

Bromphenol Blue Cetylpyridinium chloride

Structural modd of thisinteraction isthe following:

The reliability of determined mechanism of sublate
formation had been proved before by the study of UV-
visible spectra of examined agueous solutions, indicating
the occurrence of characteristic absorbance peak at
463 nm. Neverthdess, the mechanism needed the
additional proof. Therefore, thermodynamic calculations
were used to confirm ion complex formation as the free
Gibbs energy value shows whether the reaction is thermo-
dynamically favourable or not at a constant temperature
and pressure. In addition, thermodynamic investigation
would dramatically simplify and accelerate the search for
new suitable surface active agents.

2.2. Kharash Method

Since no experimental data on BB and CPC
thermodynamic characteristics were available, our choice
fell exactly on Kharash method, although it is not
completely accurate. Usudly, this method is used to
determine heat of combustion for organic compounds in
liquid state at 298 K.

As gpecified by Kharash formula, heat of
combustion is defined as.

DH gy =109 +§ D, % ©)
where r is a number of electrons which are tightly

bonded with atoms and substitute hydrogen atoms in
organic compound r =c,x4+C,33+C,>X+C q+H %

ion complex

2

(c,.c,,c,,c, arethe amounts of carbon atoms that act as

electron donors and donate 4, 3, 2 and 1 eectrons,
respectively; H is the amount of hydrogen atoms that

donate 1 eectron each); D, is the thermal correction

which depends on the type of substituent; K is the amount
of the same substituents.

The heat of formation can be found using the
consequence of the Hess s law:

DH form. — é n){)Hcomb. ) DHcomb. (4)

comp. el. comp.

where N istheamount of atoms of one e ement within the
molecule; DH :fmb' is the heat of combustion change for 1

kg/atom of element, kJ; DH;On::' is the heat of

combustion change for every compound kJ/(kg/mal).
According to Hess's law, total enthalpy change
during the complete course of a chemical reaction (1) is
equal to algebraic sum of enthalpy changes for products
and reactants. Thus:
DH

ch.reaction

0 form.

:é n xDH,

i( products) -

[e) 0 form.
-an >DH1' (resctants) — (DH(OCFf’?rl%) + ZQH(OQTO)W')' (5)

- (20mg e +DHGE™),
where n isthe amount of i-component.
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The value of Gibbs free energy change under
standard conditionsis given by:

DG((:)h.reaction = DH((:)h.reaction . T>DS€h.reaction . (6)
where T is the temperature of the system, K; DS}, i IS

the standard entropy change during the process run,
kJ/(moal -K).

2.3. HyperCube HyperChem Professional

HyperChem is a kind of molecular modelling
software that caculates the energy of various
conformations of molecules and finds the one
characterized by the lowest energy. It is also a simulation
program that |ets scientist construct (draw) representations
of molecules, perform geometry optimizations (energy
minimizations) to determine the lowest energy
conformations of molecules, and perform quantum
chemical, thermodynamic and other complex calculations.

3. Results and Discussion

3.1. Kharash Method Application

The heat of combustion change for every
compound in the system was calculated according to Eq.
(3), as shown below.

DHO™ o) =109% +3 D, %k =109571+ (- 97.9+
+14.6 +27.2 + 4>54.4) = 7900.5 J(kg/mol)
DHO™ cocy =109% +8 D, Xk =109>91+
+(54.4- 14.6+54.4) =10013.2 kJ/(kg/mol)
DH e cp. gy =109 +8 D, % =1095253+ (27.2+14.6 +

+4X64.4- 97.2+2(54.4- 14.6)) = 27818.1kJ/(kg/mol).
At the following stage the heat of formation change for
every component of the system under standard conditions
was found, as specified by Eq. (4):

517
DH sy =394.9X19+143.03>8+289.9 -
- 7900.5=1036.74 k¥mol
DH o o) =394.9521+143.03>38 -
- 10013.2 =3714.84 kJmol
DH . g5y = 394.9(19+21.2) +143.038+38.2) +

+289.9- 27818.1=8575.22 kJmol.

The value of standard enthalpy of formation
change for chlorine ions in agqueous solution was taken

from reference book [9]: DH ™™ =167.07 kJ/mol
After that, in accordance with Eq. (5), the heat of
reaction value was determined:

D" gh.raaction
- (2>DH (ch;g)n' + DH(Osg))rm') =

(8575.22- 2X67.07) -

- (2X3714.84+1036.74) = - 225.34 kJmol.

— 0 form. 0 form.
_(D_'(CP-BB)+2>O_| )'

@)

Standard entropies of formation for examined
compounds were unknown. Therefore, HyperCube
HyperChem Professional v8.0.6 software was used to
determine their approximate values. Calculations were
made using semi-empirical method AM1. Results are
represented in Table 1.

The reference book value of the standard entropy

form.
of formation for chlorine ions (Sgl_ ) is equal to

0.05674 kJ/(mol-K) [9].
Next the change in entropy of the system was
found:

DScoh.reaction =34 (n Go)products -a (n >Go)react. =
= (2,025 + 250.05674) - (2>0.8368+0.7824) =
= 03175 kJ(mol K).

Tablel
Obtained values of sandar d entropies of for mation for studied compounds
Compound S, kJ/(mol-K)
BB 0.7824
CPC 0.8368
BB-CP 2.025
Table 2
Ther modynamic parameter s of investigated compounds
Compound BB CPC CP-BB
Total energy, kJ/mol 1340.22 2846.28 6776.62
Entropy, Jmol K 665.3 6774 1395.4
Free energy, k¥mol 1142.11 2644.46 6360.81
Heat capacity, Jmol K 308.78 276.56 816.72
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Eventually, in compliance with Eg. (6), the value
of standard Gibbs energy change was determined:

DG =DH} - T>DS] =

ch.reaction ch.reaction ch.reaction

=-225.34- 298x- 0.3175) =- 130.73 kJ(moal K).
Conseguently, according to obtained value of
Gibbs free energy change under standard conditions, the
process runs spontaneously in the direction of sublate
(CP-BB ion complex) formation.

3.2. Calculations via

Software

Thermodynamic characteristics of reactants — BB,
CPC and the product of reaction — CP-BB (in solid state at
298 K) were calculated, using the model of molecular
mechanics called Amber. Obtained results are shown in
Table 2.

The value of standard Gibbs energy change of
formation for chlorine ions was taken from the reference
book [9]:

HyperChem

DG "™ =-131.29 kJmal.

Finally, the change of standard free enthalpy of the
interaction process was defined:

I:x;coh.reaction =34 (n >4:x;io)products -8 (n mO) =

i Jreact. —

= (6360.81- 2x31.29) - (2>2644.46+1142.11) =

=-332.804 kJ/mal.

As in the previous case, the obtained value of
standard Gibbs free energy change indicates that the pro-
cess of interaction between BB and CPC proceeds sponta
neoudy and does not reguire any external forcesfor itsrun.

4. Conclusions

Thermodynamic investigations not only are the
additional evidence of spontaneous ion associates
formation but also esse further studies of solvent
sublation, particularly surfactants selection. In this work
thermodynamic parameters of investigated compounds
were studied. Kharash method and HyperCube
HyperChem Professional software were applied in order

Tetiana Obushenko et al.

to calculate the values of thermodynamic properties of
analyzed system. It was found that the value of standard
Gibbs energy change for system components in liquid
phase was equal to —130.73 kJ/mol and in the case of solid
state —332.804 kJmol. Thus, the process runs
spontaneoudly in the direction of cetylpyridinium-brom-
phenol blue ion complex formation. The obtained results
can be used in further investigations, especialy those
related to the selection and application of other surface
active agents in solvent sublation.
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TEPMOJUHAMIYHE JOCJIKEHHS
BUJIYYEHHS BPOM®EHOJIOBOIO CHHLOI'O
3 BOJAW METOJIOM ®JIOTOEKCTPAKIII{

Anomauyin. Ilposedeni OocniodcenHss mMepMOOUHAMIYHUX
ocobnusocmet guiyuenns o6pomgpenonosozo cunvozo (BC) 3 600Hux
PO3UUHIE,  BUKOPUCMIOBYIOUU — TEXHONORI0  (PIomoeKcmpaxyii.
Bugueno mepmoouHamiuni xapakmepucmuxiy 83acmooii KUciom-
Hoeo bapenura (BC) 3 kKamionHoOI0 NOGEPXHEEO-AKMUBHOIO PetOGi-
noio (ITAP) — xnopudoom yemunnipuouniio (LI1X), éuxopucmosyrouu
memoo  Kapawa ma npoepamne cepedosuye Hyper Cube
HyperChem Professional. Jjosedeno, wo ¢opmyeanns ilonno2o
Komnnexcy bapenur-IIAP € camouunnum npoyecom i He nompedye
JHCOOHUX 308HIUUHIX cul OJisi 1020 nepebicy.

Knwuosi cnosea. 3axon ['ecca, enmanwnis, 6invha enepeis
Ti66ca, tloHHuLl KOMILEKC, MOLEKYISIPHA MeXaHiKa, cyoiam.
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