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In this research, which includes the previously published works of this team on dyes
removal, solvent sublation was applied in order to remove such dyestuff as Indigo carmine from
model solutions. The aim of the work was to study the main principles of Indigo carmine removal
from water by solvent sublation. Indigo carmine (IC, CisHsN2Na,OsgS;), an anionic dye, was
removed from aqueous solutions by solvent sublation of an IC-hexadecylpyridinium bromide
(HPB) complex (sublate) into octanol. The effects of the following parameters on solvent sublation
were experimentally studied: the molar ratio of HPB:IC, pH of aqueous phase, duration of the
removal process, type and volume of organic solvent. The initial dye concentration was 10 mg/dm®.

It was found that the process should be conducted under such conditions: pH 5, solvent —
octanol, Schott filter nominal pore size — 16 um, molar ratio of HPB:IC = 1:1, process duration —
20 min. According to obtained results the highest level of IC elimination that was reached within
the experiment equals 95,5 %.

Keywords: dye, indigo carmine, hexadecylpyridinium bromide, solvent sublation,
spectrophotometry.

Introduction

It’s well-known that water is a unique substance which disappearence will cause the death of
every living organism. Despite the key role of water in the human life these days the deterioration
of nature water quality is increasing rapidly. Annually around 450 m® of effluent, which contains
wide range of pollutants is discharged directly into the rivers and other surface water basins. More
than a half of this amount doesn’t undergo any effective pretreatment. Unfortunately, Ukraine
doesn’t remain beyond this ecological problem, moreover, it endures its exacerbation phase.
According to international standards, mainly all of our big rivers and their tributaries, belong to the
category of polluted or highly polluted waters. There are numerous rivers where the content of one
or several impurities exceeds the maximum allowable concentration (the M.A.C.) in dozens of
times, for example, the Dnipro, the Desna, the Styj River, the Siverskyj Donets and others. The
accumulation of toxic effluent components is a considerable hazard to water resources potential of
the country. It particularly relates to waste water pollutants, which belong to I1I-1V hazard classes
such as organic dyes and diluents. The main sources of water pollution by dyes are the following:
textile industry, chemical plants, cellulose and paper industry and pharmaceutical industry. It is
assumed that during dye production the loss of target product is nearly 1-2 % and for reactive dyes,
this value can be about 4% [1]. Perhaps, this is caused by dye dilution in the water used for its
synthesis and the amount of such water is enormous: it takes approximately 100 — 225 tons of water
to produce 1 ton of dye [2]. Textile industry also stands out, as it yields a large amount of effluents.
It is estimated that about 10-15% of dyes are released into processing water during different
procedures [3]. So it’s obvious that the discharge of such raw effluent into the surface water entails
highlevel pollution thus in natural water dyes concentrations highly exceed affordable limits (0.05 —
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0.25 mg/dm®). Due to complicated chemical structure of synthetic dyes they can’t be biochemically
decomposed in aqueous systems therefore local treatment plants are not able to cope with this
problem. Synthetic dyes are also extremely hazardous pollutants of natural environment due to the
effect of potentiation. Consequently, such interactions are often unexpected. Entering the
environment dyes easily colour the water and surrounings consequently cause unfavorable aesthetic
impression, deteriorating organoleptic properties of water. In addition, dyes can significantly affect
the photosynthesis ability of the water inhabitants by decreasing water transparency. Dyestuff can
be toxic for some flora and fauna species because of aromatic rings and chlorine substituents in
their structure [3]. This can lead to total extinction of water living organisms, self-treatment
processes disruption and human intoxication. Hence synthetic dyes can cause significant
environmental pollution and bring a serious risk factor for human diseases too. There are different
methods of wastewater treatment that provide either elimination or destruction of dyes such as:
chemical processes (the use of Fentons reagent, ozonation, photocatalytic decolourization,
electrochemical destruction), physical treatments (adsorption, membrane filtration, ion exchange,
electrokinetic coagulation, etc.) and microbiological decomposition [4]. However all these
techniques are often too expensive for applying, ineffective or produce much sludge. Therefore the
search for more effective, inexpensive and low-waste method for dyes remediation from water still
remains actual. In this case, solvent sublation is a good alternative. In this special adsorptive bubble
separation non-foaming technique some organic solvent is placed on the top of aqueous phase and
is used to collect the sublate adsorbed on the bubble surfaces of an ascending gas stream. This
method with its advantages of simultaneous separation and concentration has recently attracted
much attention in many fields. Based on the previous reports and recent researches the following
advantageous of solvent sublation can be outlined: 1) high separation efficiency; 2) high
concentration coefficient; 3) low dosage of organic solvent; 4) soft separation process; 5) simple
operation and equipment [5]. Moreover, this technique provides the possibility of the further dye
recovery after its elimination [6-13]. The removal of IC, an anionic dye from aqueous solution by
solvent sublation was studied. IC can cause some environmental problems, the search of a simple
and effective removal method is necessary. In this work the efficiencies of solvent sublation with
some conventional separation methods were compared.

Materials and methods

The solvent sublation process took place in glass column. It was 50 cm in length with an
initial diameter of 3,5 cm and had 2 access ports. The gas bubbles were generated in a Schott filter
with porosity of 16 um. Compressed nitrogen was supplied by the gas cylinder and moved through
the humidifier and the filter to the bottom of the solvent sublation column. Gas rate was measured
by flow meter. To obtain dye concentration in the agueous phase, the sample solution was
withdrawn from the top access port for analysis. Reagent-grade HPB was used as a collector
without further purification. Reagent grade IC and the other reagents were all analytical grade. For
the solvent sublation running, HPB was added to the sample solution (250 cm®) to form the dye-
surfactant complex; the solution contained 10 mg/dm® IC and was poured into the sublation
column; 5 cm® of octanol was added immediately; then the timer was started and the samples of
aqueous solution were taken for analysis at specified times. The pH of the solution was measured
with a pH-meter Portlab 102. UV-visible spectra of the sample solutions were measured with a
scanning spectrophotometer Portlab 501.

Results and discussion
Parameters, which affect the solvent sublation process can be classified as those, that affect
the aqueous and organic solutions and those, which are operational factors. Parameters of the first
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group are: aqueous phase composition (pH, ionic strength, presence of various species), organic
phase composition (organic solvent: type and volume). The operational parameters are: gas flow
rate, temperature, process duration. PH of the aqueous solution is a very important factor because it
determines the presence of ionic species, which are involved in solvent sublation process. Such
processes as hydrolysis, complex formation and precipitation of insoluble substances are governed
by pH values of aqueous solutions. The presence of surfactant is also very important factor for
solvent sublation because usually it makes extracted ion-pairs more hydrophobic. In addition,
surfactants tend to reduce the surface tension of aqueous solution and decrease the size of bubbles
generated in the sparger [6]. Hexadecyl-pyridium-bromide was used as the surfactant in all cases
because it showed high efficiency in the process of IC removal by solvent sublation during previous
researches. It’s known, the higher sublate solubility in organic layer is the, bigger efficiency of dye
removal is obtained. In this research different organic compounds were investigated to find out the
proper one. The next compounds were used as the organic solvent: hexan, heptan, butyl acetat,
butanol, pentanol and octanol (Fig.1).

100
90
80
70
60
50
40

percent removal (X), %

30
20
10

0
hexan heptan butyl acetate butanol pentanol octanol

Fig. 1. The variation of IC removal efficiency in dependence of the organic solvent type. HPB:IC
(mole ratio)1:1, pH 5, pore diameter 16 um.

In the solvent sublation system, octanol was chosen as the organic solvent, which has a high
solubility of the IC- HPB, immiscible to the aqueous phase, low-agqueous-organic solvent
interfacial tension, nontoxic, and nonvolatile.

Therefore in this study the experiment was conducted under the maximum permitted gas
flow rate condition (40 sm%h). At higher gas flow rates, the oil-water interface can be drastically
disrupted and some drops of the top organic layer can return back to solution.

The effect of process duration on solvent sublation
Dye concentration in the aqueous phase was measured every 5 minute for 30 minutes. As

graph shows (Fig. 2) the optimum process duration was equal to 20 minutes with 95% IC removal
accordingly.
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The effect of the molar ratio of HPB to IC
A series of experiments were carried out using solutions at pH with different HPB to IC
molar ratios while keeping the airflow rate at 40 cm*/min. The effect of concentration HPB on the
solvent sublation of IC is shown in Fig.3. It was found that the efficiency of separation improved
with the increase of molar ratio of surfactant to IC, and that the efficiency became highest at 1:1. At
a smaller concentration of the surfactant, the rate of removal was slower and the level of the
residual dye greater, presumably due to incomplete formation of a dye-surfactant complex.
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Fig. 2. The variation of 1C removal efficiency in dependence of the elapsed time. HPB:IC (mole
ratio)=1:1.

However, when the ratio was greater than 1:1, the rate of solvent sublation was smaller and
the removal efficiency was slower, presumably due to the competition for the bubble surface by the
excess surfactant ion with the dye-surfactant complex. It was observed that the excess surfactant
could also cause the emulsification of the octanol (which was observed during the solvent sublation
process with a larger excess of surfactant), and the dye-surfactant complex in the octanol was
constantly dispersed back into the solution to decrease the separation significantly.
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Fig. 3. The dependence of IC removal efficiency on the molar ratio of HPB to IC.
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Within this research the influence of such organic frame particularities as carbon chain
length and the degree of branching in the carbon chain was investigated.

The effect of pH on solvent sublation

The effect of pH on the removal of IC — HPB in the process of solvent sublation is shown in
Fig. 4. The removal rate and removal efficiency of IC increased with the increase of the value of
pH, and reached the most high removal efficiency at the natural pH value, then decreased with the
increase of the pH value. At the natural pH value over 90% of IC was removed from the solution by
solvent sublation in 5min. But at lower pH value, the removal rate and efficiency decreased.
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Fig. 4. Effect of pH on solvent sublation. C (IC) =10 mg/dm®, ratio HPB of to IC =1:1, Vw
250 cm?®, rate of air flow 40 cm*/min, duration of air flow 20min.

The Effect of the Volume Ratio of Organic Solvent to Aqueous for Solvent Sublation

It is known that in the case of the solvent sublation of ion-surfactant complexes from
aqueous solution into octanol, the removal efficiency is independent from the amount of the octanol
volume [6]. We achieved the same result with these experiments, which are shown in Fig. 5. No
significant improvement in removal efficiency was observed, when the volume of octanol exceeded
5 cm® in the 250 cm® solution. The results showed that sublation was independent from the volume
of organic solvent until the saturation of phase occurs by the sublate. Generally, mass-transfer
occurs from gas bubbles crossing the aqueous—solvent interface and not from diffusion of solute
across this interface, the amount of material transferred should depend only on the amount of air
crossing the interface and not on the organic volume.

While in liquid-liquid extraction the volume ratio of the two immiscible phases is a very
important parameter, which is an important difference between the liquid-liquid extraction and
solvent sublation. But if the organic volume used in solvent sublation is too low, the extragent-
water interface will be drastically disrupted at a high air flow rate and the process will lose its
efficiency. Hence the air flow rates and solvent volume must be chosen to keep the minimal
disruption of the interface.
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Fig. 5 Effect of solvent volume on solvent sublation, C (IC) =10 mg/dm®, ratio of HPB to IC
=1:1, rate of air flow 40 cm®/min.

Conclusions

To sum up, within this report contemporary state of water pollution problem, caused by
synthetic dyes was analysed, covering the main methods that are typically used for dyes
decomposition and remediation. Solvent sublation was proposed as an effective alternative. The
main principles of Indigo carmine removal from water by solvent sublation were investigated. The
following major parameters and their influence on Indigo carmine removal from water were
researched in detail: type and volume of organic solvent, the molar ratio of surfactant to dye, pH.
The highest dye removal was obtained in the case of octanol used as the solvent. The initial dye
concentration was 10 mg/dm?®,

It was found that the process should be conducted under such conditions: the natural pH ,
solvent — octanol, Schott filter nominal pore size — 16 um, molar ratio surfactant:dye — 1:1, process
duration — 20 min. The recovery efficiency was 95,5%. Attained results can be used in further
studies.
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llpeocmasnenvle pe3ynomamol AGIAIOMCA T02UYECKUM NPOOOIHCEHUEM UCCIe008AHULL NO
(DIOMOIKCMPAKYUOHHOMY U3GTEUeHUI0 Kpacumenell Ha npumepe MOOeNbHbIX pACmMBEOpPO8 UHOULO
kapmuna (UK). Llenvto 0annoti pabomul 66110 u3yuenue 0CHOBHbIX 3aKoHOMepHocmel yoanenus UK
¢nomosxempakyueti. Unouzo xapmun (UK, Ci6HgN2NaxOgS;y), anuonnwiii kpacumens, uzsnexancs
u3 800H020 pacmeopa romosxkcmparyuei MK—eexcadeyunnupuounus opomuo (I'1IB) komniekca
(cybonam) 6 oxmawnon. DKcnepumenmanbHO OblIO0 UCCIe008AHO GIUAHUE HA (QIOMOIKCMPAKYUIO
cnedyrouwux napamempos. moavhoe coomuoutenue I'TIB:UK, pH e6oownoii ¢azwi, orumenvnocms
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npoyecca uzeieyeHuss, npupooa u 06vem opeaHuiecko2o pacmeopumens. Mcxoonas KoHyenmpayus
kpacumens 10 Mm2/om®. Boino NOYYEHO, 4mo npoyecc ciedyem nposooums nNpu Ciedyroujux
yvenosuax: pH 5, skempazenm — okmanon, pasmep nop ¢unvmpa [Llomma 16 mkm, monsapHoe
coomnowenue I'TI6 :UK=1:1, npooonxcumenvnocms npoyecca 20 mun. Co2nacHo nonyyeHHuiM
Ppe3yIbmamam,camas 8blCokas cmeneHsv usenevenus UK 6 sxcnepumenme pasua 95,5%.

Knrwoueevie cnosa: «xpacumenv, uUHOUSO KAPMUH, 2€KCAOCYUTNUPUOUHUL — OPOMUO,
@romosxkcmparyus, cnekmpogpomomempus.
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Pezynomamu, wo npeocmasneno, €  N02IUHUM ~— NPOOOBHCEHHAM  OOCHIONCEHb 3
Gnomoexcmpakyitino2o unyyeHHs OAPBHUKIE HA NPUKIAO] MOOEIbHUX DA3YUUHIE THOULO KAPMIHY
(IK). Memorw npedcmasnenoi pobomu 0y10 6usueHHs OCHOBHUX 3aKOHOMIpHOCmel sudanenus IK
¢nomoexcmpaxkyiero. Inouco rapmin (IK, Ci16HgN2NaxOgSy), awnionnuii 6apsnux, eunyuanu 3
600H020 po3uuny Gromoexcmparyicto IK — eexcadeyurnipuounito opomud (I'TIB) xomnaexcy
(cyonam) 6 oxkmanon. Excnepumenmanvno 0Oyno 0ocniodxceno 6naue Ha hromoekcmpaKyiro
Hacmynuux napamempis: moavHe cniggionowenns I'TIB:IK, pH 6oonoi ¢paszu, mpusanicms npoyecy
BIIYUeHHs, Npupooa ma 00’eM OpeaHiuHO20 pO3YUHHUKA. Buxiona xonyenmpayis oapenuxa 10
m/om®. byno ompumano, wo npoyec cnio nposooumu npu Hacmynuwux ymosax: pH 5,
eKcmpazenm — oKmanoJ, poamip nop ginempy [llomma 16 mxm, monapue cnisgionowenus ITIB:IK
= [:1, mpusanicmv npoyecy 20 xeun. 32i0HO0 OMpUMAHUM pe3yIbmamam, HAtOLIbUL 6blCOKA
cmyniny sunyuenns IK 6 excnepumenmi ckraoae 95,5%.

Knrwowueei  cnosa:  Oapenux,  iHOUeO  KApMIH,  2eKCAOeYUINIpUOUuHiti  Opomio,
@nomoexcmpakyis, cnekmpogomomempis.
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