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Environmental Protection: from Sorbents to Membranes
PREFACE

Water is an essential resource for life and good health. The lack of water to meet
daily needs is a reality today for one in three people around the World. Globally,
the problem is getting worse as cities and population grow, and the needs for water
increase in agriculture, industry and households. This urgeses very one to be part of
efforts to conserve and protect the water sources.

The scarcity of water is accompanied by deterioration in the quality of available
water due to pollution and environmental degradation. Recently, utilization of clean
technologies with the target of “zerodischarge” has attracted the interest of
policymakers, stakeholders and industrial sectors.

In this context, an international workshop on “Environmental Protection: from
Sorbents to Membranes” was organized at V.I. Vernadskii Institute of General
and Inorganic Chemistry, Ukrainian National Academy of Sciences, Kiev, Ukraine
on November 11, 2016 in order to create an international platform where the most
recent researches and experiences are exchanged and presented. This workshop will
focus mostly on water treatment technologies such as sorption and membrane
processes. During the workshop, some specific applications such as water
reclamation and whey demineralization in food industry will be also discussed.

We acknowledge TUBITAK and National Academy of Science of Ukraine
(NASU) to support us for our biletaral project and to organize this workshop for
discussing the results obtained during the project period in both countries and
future collaborations.

We would like to welcome you to this workshop to get an opportunity to acquire
the scientific information and experiences to be presented at V.I. Vernadskii
Institute of General and Inorganic Chemistry. We wish that this workshop will let
us to tackle the environmental problems and get some new ideas together for future
collaborations at an international level.

Prof. NalanKabay
Ege University

Membranes and membrane processes are studied more than 250 years. The term
"membrane" is of Latin origin and means literally "peel", "shell", "diaphragm". The
first membrane separation process has been performed in 1748, when French Abbot
Jean-Antoine Nollet tried to separate water from alcohol using pig bladders.
However, German physiologists, botanists and chemists were the founders of
membrane science. Physiologist Adolf Eugen Fick has set phenomenological
diffusion law. Botanist Wilhem Pfeffer postulated the existence of cell membranes.
This suggestion was based on the similarity between the cells and osmometers with
semipermeable membranes, which were produced by chemist Moritz Traube using
copper ferrocyanide. Then the investigations were continued by physical chemists.
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Environmental Protection: from Sorbents to Membranes

Among them, it should be noted great names of Walther Hermann Nernts
(electrochemical aspects of membrane processes) and Jacobus Henricus van 't Hoff
(theory of osmotic processes).

However, the rapid development of the membrane science began only in the
middle of the last century, when synthetic polymers as well as inorganic sorbents
had been developed and commercialized. Actually the membranes are applied to
solution of a wide spectrum of practical tasks, particularly for water conditioning
and wastewater treatment, in chemical, food, pharmaceutical industries, in
medicine.

In fact, membrane science is often associated with such branch of physical
chemistry as adsorption and ion exchange. A number of membrane types are
produced from sorbents: ion exchange resins are used for manufacture of
heterogeneous membranes for electrodialysis, the raw materials for preparation of
inorganic membranes are hydrated oxides of multivalent metals, lon transport
trough the ion exchange membranes and resins shows similar regularities.
Membrane and sorption processes can be independent elements of a single
technological scheme. Alternately they can occur simultaneously in a single cell.
Thus, the membrane and sorption materials and processes should be considered
within the same context.

The rich world of membrane phenomena, the possibility to combine membrane
separation with other processes as well as the great potential for synthesis of
polymers, ceramics and composites allow us to hope that the membrane science
and membrane technologies will be developed in the near future involving more
and more highly qualified professionals and young scientists. It is also expected for
Ukraine as the integration of our country into the world community.

We thank the team of Turkish Republic for co-operation. We express our
gratitude for the Tubitak Council, the Section of Chemistry and the International
Relation Department of the NAS of Ukraine for the possibility of the meeting with
our colleagues. We really appreciate the contribution of the administration of our
Institute to organization of this event. We will always remember the support of our
scientific direction by academician of the NAS of Ukraine, prof. Sergey Volkov,
who has been a director of the Institute for long time and passed away this year.

Corresponding member of the NAS of Ukraine,

Prof. Vladimir Belyakov

Corresponding member of the NAS of Ukraine,

Prof. Vladimir Ogenko

V.1. Vernadskii Institute of General and Inorganic Chemistry
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UTILIZATION OF ION EXCHANGE TOGETHER WITH
MEMBRANE PROCESSES FOR WASTEWATER
RECLAMATION AND REUSE

N. Kabay'', M. Arda?, S. Bunani'*?, E. Altiok', D.ipekci', M.Hacifazlioglu',
i.Parlar', I. Yilmaz ipek', M. Yiiksel'
'Ege University, Chemical Engineering Department, Faculty of Engineering,
35100 Izmir, Turkey
e-mail: nalan.kabay@ege.edu.tr
’Ege University, Chemistry Department, Faculty of Science, 35100 Izmir, Turkey
IUniversity of Burundi, Department of Chemistry, Faculty of Science,

Bujumbura, Burundi

Abstract. lon exchange resins and membranes could be successfully used in
integrated systems for elimination of some pollutants, recovery of valuable
substances from water and for polishing RO permeate of desalination plants.
lon exchange membranes in an electrodialysis (ED) system could be employed
for the post-treatment of concentrate streams of NF/RO processes and for
valorization of RO desalination brines. The ED process in combination with
bipolar membranes (BMED) was developed to split an aqueous saline solution
into its corresponding acid and base without addition of any chemicals.
Electrodeionization (EDI) system could be also another alternative method for
boiler feed water production from RO permeate of raw water. This presentation
will focus on elaboration of new ideas for the utilization of ion exchange in the
process schemes of wastewater treatment based on membrane technologies.
Keywords: lon exchange, desalination, membrane process, wastewater treatment

Introduction. Advanced technologies in water and wastewater treatment
become important due to the fact that discharge standards are decreased and
there is a need for water recovery and reuse. The commercially available ion
exchange resins and ion exchange membranes are mostly used today in water
treatment technologies to produce water needed for different purposes and to
remove/recover some trace substances from water. Integrating ion exchange
process with a membrane filtration in a hybrid process is considered to result in
a higher efficiency and lower cost as compared with the traditional fixed bed ion
exchange system.

The growing demand for fresh water is partially satisfied by desalination
plants that increasingly use membrane technologies such as reverse osmosis
(RO) to produce potable water. Operating with water recoveries from 35% to
85%, RO plants generate large volumes of concentrates containing all retained
compounds that are commonly discharged to water bodies. This causes a
potentially serious threat to eco-systems. Therefore, there is an urgent need for
environmentally friendly management options of RO brines [1-2]. Along with
traditional treatments such as evaporation and crystallization, membrane
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technologies such as membrane distillation, forward osmosis, and electrodialysis
(ED) have been emerged recently to reduce the volume of the concentrate before
disposal and with the objective of achieving zero liquid discharge and recovery
of valuable compounds. Recently, integrated processes coupling RO with ED to
minimize the waste fractions of the brine are shown to be more effective than
the traditional evaporation techniques due to lower energy consumption [3-8].

Bipolar membrane electrodialysis (BPED) method was developed to split an
aqueous saline solution into its corresponding acid and base without addition of
chemicals. Bipolar membranes contain an anion-exchange layer, a cation-
exchange layer and a hydrophilic interface between two layers. When a direct
current is applied, the water molecules migrate into the hydrophilic layer where
they split into H" and OH" ions. Thus, it is possible to achieve the removal and
the recovery simultaneously [9-10].

In this presentation, importance of integrated ion exchange and membrane
technologies for especially wastewater reclamation and reuse will be discussed.
Some data obtained will be presented.

Experimental. For wastewater reclamation, some tests were performed using
a pilot membrane test system installed in the wastewater treatment plant where
MBR treatment system has been employed since 2008. The EDI tests were
carried out using an EDI system (Electrocell) with multi cells. Figure 1 shows
the flow-scheme of multi-cells EDI system. Neosepta CMX and AMX
membranes were employed in the EDI stack while Purolite-CT175 and -A500 as
cation and anion exchange resins, respectively. For ED tests, TS-1-10 model ED
equipment was employed.

Concentrate
4 *  Product
5
1] L]
b bt
i ot C
- <
= =
Feed
Concentrate

Fig. 1. A Flow Scheme of a Multi Cell EDI System

Results and discussion. For wastewater reclamation, RO tests were carried
out at the industrial zone using a pilot RO system where MBR effluent was

8
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further treated. The collected RO permeate was fed to EDI system with a flow
rate of 1 L/h. As shown in Figure 2, conductivity of diluate decreased by time
as a function of applied electrical potential. It was possible to reduce
conductivity of RO permeate from 40 uS/cm to 2.6 uS/cm by EDI process.

1m

_ ——7V
0.8 _\.\ =10V

=
-}

>

(C/Co)
ookl T
(ST N7 - NS

e
[=

Conductivity change in Dilute

(=}

0 30 60 90 120 150 180 210
Time (min)

Fig. 2. Conductivity Change vs. Time Plots for RO Permeate during EDI Operation

In a separate test, RO brine with a conductivity of 11 mS/cm was treated
with nanofiltration (NF) first for pre-treatment. By doing this, the conductivity
of RO brine was reduced to 350 uS/cm. Electrodialysis was the following step
to reduce this conductivity to 15 puS/cm in the diluate. Conductivity rejection
from RO brine was 95% in 36 min by ED process at 10 V (Figure 3). .

100
90
80
70
60 -
50 -
40 -
30 -
20 -
10 -

Conductivity rejection
(Yo)

0 6 12 18 24 30 36
Time (min)

Fig. 3. Conductivity Rejection vs. Time Plot for NF Permeate during ED
Operation

Following ED process, EDI was employed for post-treatment of ED diluate.
As illustrated in Figure 4, conductivity of ED diluate was reduced to 3.0 mS/cm
from 15 mS/cm with 88% of conductivity rejection at 7 V.
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Fig. 4. Conductivity Rejection vs. Time Plot for ED Diluate during EDI Operation

Conclusions. Electromembrane separation can be alternative processes for
water recovery from the concentrate stream of NF/RO processes employed for
the treatment of MBR treated wastewater. This will contribute to wastewater
reclamation and reuse, protection of available water resources and thus
sustainable development.

Acknowledgements. This study has been supported by TUBITAK (Project
numbers: 114M551 and 114Y500). We are grateful to ITOB Organized
Industrial Zone for field tests.

References
1. Mauguin G., Corsin P. Concentrate and other waste disposals from SWRO plants:
characterization and reduction of their environmental impact //Desalination. 2005. V. 182. P.
355-364.
2. Roberts D.A., Johnston E.L., Knott N.A. Impacts of desalination plant discharges on the
marine environment: A critical review of published studies / Water Res. 2010. V. 44. P.
5117-5128.
3. Reig M., Casas S., Aladjem C., Valderrama C., Gibert O., Valero F., Centeno C.M.,
Larrotcha E., Cortina J.L. Concentration of NaCl from seawater reverse osmosis brines for
the chlor-alkali industry by electrodialysis // Desalination. 2014. V. 342. P. 107-117.
4. Zhang Y., Ghyselbrecht K., Vanherpe R., Meesschaert B., Pinoy L., Van der Bruggen B.
RO concentrate minimization by electrodialysis: Techno-economic analysis and
environmental concerns // J. Environ. Manag. 2012. V. 107. P. 28-36.
5. Turek M., Was J., Dydo P. Brackish water desalination in RO-single pass EDR system. //
Desal. Water Treat. 2009. V. 7. P. 263-266.
6. Oren Y., Korngold E., Daltrophe N., Messalem R., Volkman Y., Aronov L., Weismann M.,
Bouriako, N., Glueckstern P., Gilron J. Pilot studies on high recovery BWRO-EDR for near
zero liquid discharge approach // Desalination. 2010. V. 261. P. 321-330.
7. Praneeth K., Manjunath D., Suresh K. B., Tardio J., Sridhar S. Economical treatment of
reverse osmosis reject of textile industry effluent by electrodialysis—evaporation integrated
process, Desalination. 2014. V. 333. P. 82-91.
8. Jiang C., Wang Y., Zhang Z., Xu T. Electrodialysis of concentrated brine from RO plant to
produce coarse salt and freshwater // J. Membr. Sci. 2014. V. 450. P. 323-330.
9. Bauer B., Gerner F.J., Strathmann H. Development of Bipolar Membranes // Desalination.
1988. V. 68. P. 279-292.
10. Wilhelm F.G. Bipolar membrane electrodialysis, PhD Thesis, Twente University. 2001.

10



Environmental Protection: from Sorbents to Membranes

VIIK 66.081

3ACTOCYBAHHSA IOHHOT'O OBMIHY Y MEMBPAHHOMY
PO3JIIJIEHHI JIJISA IEPEPOBKU CTIYHUX BOJI 3 METOIO iX
HOJAJIBIIOI'O BUKOPUCTAHHA
N. Kabay"', M. Arda?, S. Bunani'*?, E. Altiok', D.ipekci', M.Hacifazlioglu',
i.Parlar', I. Yilmaz ipek', M. Yiiksel'
! Ereiichkuii yHiBepCHTET, iHKEHEpHHIT HaKyIbTET, XiMiKO-TeXHOMOM HHIiT
dakyneret, 35100, I3mip, Typeuunna
*e-mail: nalan.kabay@ege.edu.tr
* Ereiichkuii yHiBepcHTeT, GaKyIbTeT MPUPOAHAYNX HAYK, XiMidHMI (aKyIbTeT,
35100, Iamip, TypeuunHa
*Yuisepcurer BypyHi, (akyIbTeT IPUPOIHHYHNX HAYK, XiMidHHiT (HaKyIbTeT,
Bypynni

Pe3ztome. lonooOMinHI cMonu | MemMOpaHu MoXCymos OYmu YCRiuHO GUKOPUCMAHI
8 IHMe2pPoBaAHUX cucmemax OJisl UOANICHHS OesKUX 3a0PYOHIOIOYUX PeYOBUH, OIS
BUNYUEHHS 3 600U YIHHUX KOMNOHEHMIG I O/ KOHOUYIOHYB8AHHS NepmMeamy
ONPICHIOBANILHUX YCMAHOB0K. [0OHOOOMIHHI MeMOpanu 6 enekmpooianizHux
cucmemax (E/) mooicymv Oymu euxopucmawni 01 nooanvuloi 006pooKu
KOHYeHmpamy, AKUL VMBOPIOEMbCA npu nepebicy npoyecie
Hanoginempayii/zeopomnozo ocmocy (HD/30) i wueumpanizayii 6ioxodis
ONPICHIOBANILHUX ~ PO3CONI8  360pOMH020  ocmocy. [na — 6e3peaceHmHOl
mpanchopmayii.  600HO20 CONLOBO2O PO3UUHY Y GIONOBIOHI KUCIOMY mMa Jiye
po3pobneno npoyec EJ[ i3 3acmocysamnam 6Ginonspuux memopawn. Jlna
ooepocannsi 6oou i3 30 nepmeamy, NPU3HAYEHOI 0N HCUBNEHHS CUCEM
OXO0JI00JNCEHHS, MOdCe OVYMU 3ACMOCOBAHO THUWIUL AbMEPHAMUBHUN Memoo
enekmpooeionizayii (E/I). [any npezenmayito cgoxycosano Ha po3pooxy
HoBux i0eli Ol BUKOPUCMAHHA IOHHO20 OOMIHY 6 MEXHON02IYHUX CXeMax
OUUUeHHSI CMIYHUX 800 13 3ACMOCYBAHHAM MEMOPAHHUX MEXHOIO2ILI.

Knrwouoei cnosa: ionnuii 0OMiH, ONpicHeHHA 600U, MeMOPAHHUL Npoyec, OYUWEHHS

CMIYHUX 800
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NOVEL EFFECTIVE ECO-FRIENDLY NANOSIZED

HETEROGENEOUS CATALYST SYSTEM FOR REDUCTION

OF NITROARENES WITH HYDRAZINE HYDRATE

L.F. Sharanda', P.P. Onys’ko’, Ya.Ya. Khomutnyk®, L.S. Lysyuk',
V.M. Ogenko', [S.V. Volkov'

'Institute of General and Inorganic Chemistry, National Academy of Sciences of

Ukraine, 32/34 Palladina ave., Kyiv 03142, Ukraine
Email lyusharanda@yahoo.com
? Institute of Organic Chemistry, National Academy of Sciences of Ukraine, 5
Murmans ’ka str., Kyiv 02660, Ukraine
email onysko_(@ukr.net

Abstract. Novel nanostructured bi- and three- metallic Ni- or Fe-containing
catalytic systems were prepared by incorporation of carbon nanotubes,
modified with diamine ligand, in silica matrix with the using sol-gel method. Ni-
containing catalysts proved to be effective for conversion of nitroarenes into
anilines by transfer hydrogenation method with the use of hydrazine hydrate as
hydrogen donor.

Keywords: bi-, three-metallic nanomaterials, heterogeneous catalysis, nitroarenes,

hydrogenation, hydrazine hydrate

Introduction. One of the most important principles embodied in the concept
of "green chemistry" is application a highly efficient, highly selective catalytic
systems [1,2]. Design of highly efficient and selective catalysts will allow
efficient use of natural resources and energy and thus contribute to
environmental preservation and increasing quality of life in human society.
Nanomaterials have emerged as green catalysts that offer new opportunities for
the development of a sustainable chemical industry. In the last decades there is a
standing interest in development of well-defined catalysts, which may include
both metal nanoparticles and a nanomaterial as support. Specific reactivity can
be anticipated due to the nanodimension (quantum size effect) that can afford
their unique electronic, optical, magnetic and catalytic properties which cannot
be achieved with regular, non-nanomaterials that render them very promising
candidates for various applications, including catalysis [3-7].

Carbon nanoparticles are well-known materials for the solution of various
energy problems and environmental problems. There is a growing interest in the
application of carbon nanotubes as supports for catalysts since the nanostructure
of these materials offers a unique combination of the electronic properties
because of curvature of the graphene sheets and concave (internal) surfaces. For
instance, it has been shown that hematites located inside the carbon nanotubes
inner cavity are more easily reduced (1073°C) on the support than those on the
outer surface (1273°C) [8].

12
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Significant progress has recently been made towards the catalytic
applications of bimetallic nanomaterials, which show unique properties that are
superior to those of the ordinary materials, and therefore provide an opportunity
for the development of novel catalysts with enhanced activity, selectivity, and
stability [9-11]. Miislehiddinoglu et al. [12] developed a Pd—Cu/C catalyst as an
alternative to Raney nickel for the highly diastereoselective hydrogenation of
imines prepared from prochiral ketones and a-phenylethylamines. Chiral amines
were obtained with diastereomeric excess (de) up to 94% using Pd—Cu/C, while
conventional Pd—C catalysts afforded only 72% de. Recent research has led to
development of efficient a magnetically recyclable Pt/C(Ni) catalysts which
consisted of Pt nanoparticles on the surface of flower-like C(N1) nanocomposite.
The Pt/C(Ni) catalysts show higher selectivity towards o-chloroaniline than the
Pt/C catalyst due to the synergistic effect between Pt and Ni species. Compared
with Raney Ni, the key advantages of this bimetallic Pd-Cu/C system include
improved safety, no issues with catalyst suspension, and enhanced operational
scalability [13]. However, uses of carbon nanomaterials, as support for metallic
nanoparticles have some disadvantage because of tend of carbon to agglomerate
due to van der Waals forces.

In the present paper we report on elaboration of Ni(M)/S10,, Ni(M,)/Si0,,
Fe(M)/Si0,, Fe(M,)/Si0; and Ni(M)/(M,)/Si0,, Fe(M)/( M,)/Si0, (M =Pd; M, =
Ce, Y) catalysts by introduction of carbon nanotubes modified with diamine
ligand as metallic nanoparticles stabilizers with subsequent incorporation in
silica matrix and their application for the reduction of nitroarenes with hydrazine
hydrate by catalytic transfer hydrogenation method.

Experimental. Preparation of catalysts. Preparation of catalysts was
performed by the sol-gel method. Typically, to a tetraethoxysilane (12.55 mmol)
and methyltriethoxysilane (12.55 mmol) were added a water solution of maleic
acid (1.39 g, 1.5 mmol), water (27.8 mmol). The reaction mixture was stirred
vigorously at 20 °C for 2 hours to complete hydrolysis. To obtained sol were
added consecutively with constant stirring Y(ac); (0.57 mmol) or Ce(ac); (0.36
mmol), cetyltrimethylammonium bromide (2.74 mmol), and multiwalled
carbone nanotubes (0.5g) mixed with N-[3-(trimethoxysilyl)propyl]-
ethylenediamine (3.0 mmol), Ni(OAc),(1.35 mmol) or FeCl; (1.42 mmol),
PdCl, (0.15 mmol). Stirring was continued for additional 1 hour. After
completion of sol-gel conversion (2-4 weeks) reaction mass was heated on air
(300°C, 4 hrs) and reduced by heating in flow of hydrogen (for Ni- and Fe-
based catalysts at 400 and 700°C, 2 hrs, respectively). The resulting solid was
crushed and sieved to give 1-3um fraction.

Catalytic tests. In a typical procedure, to a mixture of respective nitrobenzene
1 (0.25 mmol) and methanol-water 9:1 (3 mL), were added 10 mol% of the
catalyst and 100 pl of 100% hydrazine hydrate. The mixture was stirred at 80 °C
for a given time. The mixture was quantitatively analyzed by liquid
chromatography (HPLC). In preparative procedures, after completion of the
reaction (1-3 h, monitored by TLC), the catalyst was filtered off; the filtrate was
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concentrated under reduced pressure. The residue was subjected to silica-gel
column chromatography using petroleum ether-ethyl acetate as an eluent to give
analytically pure product.

Results and discussion. X-ray Diffraction Spectra. The X-ray diffraction
(XRD) patterns were obtained in a diffractometer (DRON-3M), using Cu-K,
mono-chromatized radiation (A=1.54178A).
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Fig. 1. XRD Patterns of Pd/SiO,/CNT (1),
Ni/SiO,/CNT (2), PANi/SiO,/CNT (3)
Samples Calcined at 400 °C.

Fig. 2. XRD Patterns of Pd/SiO,/CNT (1),
Fe/SiO,/CNT (2), PdFe/SiO,/CNT (3)
Samples Calcined at 700 °C.

X-ray diffractograms of Pd/SiO,/CNT (1) sample arrow intense diffraction
maxima at 20 = 39.95°, 46.5° and 68.2°corresponding to the cubic structure of
metallic Pd (JCPDS card: 05-0681) (fig. 1 (1)). Further, it is observed that for
Ni/SiO,/CNT sample ((Fig. 1 (2)) display the three characteristic peaks for the
lines of the cubic structure of metallic nickel (JCPDS card: 99-101-3059).

It was interesting that for bimetallic PAN1/SiO,/CNT catalyst intense peaks of
pure Ni or Pd has not been observed in XRD patterns. As can be seen in fig.1(3),
the diffraction patterns of catalysts characterized by broad diffuse maximum
with low intensive peak in the region 20 = 41.0° indicating on the formation of

Pd,Ni, bimetallic particles or cluster.

m@300- Besides a significant decrease 1in
& intensity of the diffraction peaks may
>N° be associated with the formation of the

200+ amorphous and/or crystalline nickel or

palladium particles with a size <10 nm
[14].

Intense peaks observed at 20 =
44.8° correspond to the iron metallic
particles (fig.2(2)). It may be also
noted that addition of Pd in
Fe/Si0,/CNT catalyst as in the case
for the Ni/SiO,/CNT sample changes
the XRD significantly (fig.2(3)): the
diffraction patterns of catalysts

100+

0,6 O,SP /P(l),O
Fig. 3. Nitrogen Adsorption-Desorption
Isotherms for Pd/SiO,/CNT (1),
Ni/SiO,/CNT (2), PANi/SiO,/CNT (3)
Samples Calcined at 400°C.
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characterized low intensive peaks at 20 = 41.2° and 20 = 44.8°, that can due to
formation of Pd.Fei, bimetallic particles or/and iron and palladium
nanoparticles.

BET specific surface area determinations were made using N, gas
adsorption/desorption an Quantachrome ASIQwin'" micromeitics apparatus.
Figure 3(1) presents the adsorption-desorption isotherm N, of Pd/SiO,/CNT
sample. As can be seen the hysteresis loop is slightly visible and the isotherm
can be assigned to supermicropores. The shape of adsorption-desorption
isotherm of Ni-containing catalysts shows biporous (micro- and mesoporous)
structure and isotherm adsorption IV+I type with the shape hysteresis loop of H2
type inherent for materials with mesoporous of bottle type, according to the
IUPAC classification. The surface areas, total pore volums and average pore
radius for all catalysts are shown in Table 1. It shows, that Ni-containing
catalysts have high surface area (527-768 m?/g) and pore volume (Viom=0.348-
0.476 cm’/g; Vimic=0.206-0.247 cm’/g) are nearly same. In contrast, the Fe-
containing catalysts shows a significantly decreased surface area (52-258 m?/g)
and pore volume (V,=0.048-0.219 cm’/ 2; Vimic=0.017-0.079 cm’/ 2).

Table 1: Surface and Porosity Characteristic of Catalysts

Surface area, Pore volume, Pore radius,
Catalyst m’/g cm’/g A
SBET SDFT Vtotal Vmic> DR RDR Rcep.
Ni/CNT/Si10, 595 530 0.401 0.218 8.90 13.47
Pd/CNT/Si0O, 768 585 0.380 0.247 9.26 9.912

Pd/Ni/CNT/Si10, 662 525 0.452 | 0.229 9.34 13.65
Y-Ni/CNT/Si0, 694 597 0.476 | 0.242 8.77 13.72

Pd-Y-Ni/CNT/Si0, 527 518 0.348 | 0.206 9.11 13.22
Fe/CNT/S10, 258 201 0.219 | 0.079 8.13 16.99
Pd-Fe/CNT/Si10, 54 60 0.160 | 0.019 8.77 58.95
Y-Fe/CNT/Si0, 169 155 0.112 | 0.056 7.89 13.26

Pd-Y-Fe/CNT/SiO, 118 118 0.082 | 0.043 7.93 13.77
Ce-Fe/CNT/S10, 141 127 0.112 | 0.047 8.02 15.84
Pd-Ce-Fe/CNT/Si0, 52 42 0.048 | 0.017 8.19 18.31

To ensure the efficiency of our catalytic system as a general methodology for
catalytic transfer hydrogenation reduction of nitrobenzenes we subjected a series
of substituted nitrobenzenes 1 (Scheme 1) to reduction under the optimized
conditions. Excellent results for Ni-containing catalysts were obtained in all
cases. For instance, the results are summarized in Table 2 for Pd/Ni/CNT/SiO,

catalyst.
Ni(Pd)/SiO »/CNT

I \\R NH2'NH2 HQO I \\R
MeOH/H,O0
Z>No, 2 ZNH,
1 2
R = 3-CF; (a), H (b), 3-NH, (c), 3-OH (d), 4-NH (e), 4-OH (f)

Scheme 1
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The isolated yields of substituted anilines la-f are close to quantitative. As
shown in Table 2, nitrobenzenes with electron-donating and electron-
withdrawing groups underwent successful catalytic transfer hydrogenation
reduction with hydrazine hydrate to afford substituted anilines 1a-f with almost
quantitative isolated yields. The catalyst is compatible with functional groups,
such as amino and hydroxy. Therefore our approach can be regarded as general
methodology for reduction of nitrobenzenes. Fe/CNT/SiO, and Pd-Fe/CNT/SiO,
catalysts shows a slightly less activity in the reduction of nitrobenzenes with
hydrazine hydrate. Important advantage of elaborated nanostructured catalysts is
the possibility to reuse them without essential loss in activity. Simple workup of
reaction mixture with easy mechanical (filtration, centrifugation) or magnetic
separation of catalyst after completion of the process is very convenient and
advantageous from experimental point of view.

Table 2. Catalytic Transfer Hydrogenation Reduction of Substituted Nitrobenzenes 1°

Entry Substrate Reaction time (h) | Yield of 2,%
1 la 1 99
2 1b 1 99
3 Ic 2 97
4 1d 2 97
5 le 1.5 95
6 1f 1.5 96

“ Conditions: 1, 25 mmol; NiPd/Si0,/CNT-ED2, 10 mol1%; N,H,4-H,O,
5 equiv; MeOH-H,0 9:1, 30 mL; 80 °C

Conclusions. In summary, we have developed a highly efficient, eco-friendly
Ni- or Fe-containing nano-structured catalysts for the CTH reduction of
nitrobenzenes into corresponding anilines with hydrazine hydrate.
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Pe3ztome. Cunmeso8ano HOBI HAHOCMPYKMYposaHi 0i-, mpumemaniuni Ni- abo
Fe- emicni kamanimuyni cucmemu WIAXOM 66€0€HHA  MOOUGDIKOBAHUX
amiHozpynamu — 8y2neyeeux HaHompyboK 6 KpPeMHe3eMHYy Mampuyio 3
BUKOPUCMAHHAM  301b-2elb  Memody. Ni-eMicHi Kamanizamopu 6UsAEUIUCS
eheKmuBHUMU 8 PeaKyisax nepemeopeHHs HimpoapeHie 00 8i0N0BIOHUX AHINIHIG
KamanimudHum 2iOpySaHHAM 3 8UKOPUCTNAHHAM 2i0pa3uH 2iopamy K oxcepena
B0OHI0.
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TiO, AND MnO,
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Abstract. lon-exchange materials based on titanium dioxide-manganese dioxide
composite were synthesized by template method. It was proved that sorption
characteristics of the obtained materials depend of rate of heat treatment during
the synthesis. Higher temperatures promote agglomeration of sorbent and
decrease in its kinetic characteristics. But more lithium-selective sorption centers
are formed and the selectivity of sorption increases.

Keywords: titanium dioxide, manganese dioxide, lithium, ion exchange selectivity

Introduction. The need of lithium recovery from waste and search of new
sources of this element (including brines and ocean water) causes the need to
create new sorption materials for targeted removal of lithium ions from liquids.
The basic requirements for such materials are the high selectivity and absorption
rate. Known lithium-selective ion exchangers are spinels based on manganese
oxide [1]. The synthesis of lithium manganese spinels is traditionally carried out by
solid phase sintering of LiCO3; with Mn;O4 [2], or LiOH with Mn3;0,4 [3]. The main
reason that slows widespread commercial use of these materials is a significant
loss of manganese in the process of extracting lithium ions with acids, low particle
size and low absorption rate.

To improve the abovementioned characteristics selective introduction of lithium-
manganese spinel into matrix of more resistant material that also exhibits
absorption capacity on lithium iones was proposed. Ion exchanger based on
hydrated titanium dioxide can be considered as such inorganic matrix [4]. This
material has high sorption capacity, resistance to aggressive media, and it can be
obtained in the form of pellets. In the heat treatment of these materials take on ion-
sieve properties because of aimed structuring during condensation processes

Experimental. Synthesis of titanium-manganese composite sorbents was
performed through a redox reaction between titanium chloride and potassium
permanganate in aqueous solution. In this process solid potassium permanganate
was gradually added to 1 M solution of titanium chloride until a molar ratio TiCly:
KMnO, = 1:1, 1:2, 2:1. Obtained gel material was treated with 12% aqueous
ammonia, washed with deionized water and dried in air. Upon that the granulated
sorbent was treated with 1 M LiOH solution for 48 hours with the volume ratio of
sorbent to solution 1:100, washed from the hydroxide with excess of water, air
dried, heat treated at various temperatures (in the range of 300-700 °C), then
washed with 1 M HNOj solution, and dried in air.
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X-ray studies of samples were conducted on diffractometer DRON-2 using
CuKg- radiation. Scanning Electron Microscope Tescan Mira 3 LMU was used to
determine the structure of the materials and the elemental composition (Ti, Mn).

Study of Li" ions selective absorption was carried from solutions containing
different amounts of LiCl with 0.5 M NaCl as background in static and dynamic
conditions. Sorption kinetics was studied using a limited volume method with
sample fractions of 0.16-0.25 mm. After certain time the contact of the solution
with the ion exchanger was interrupted, adsorbed ions where desorbed with acid,
and the eluate was analyzed by atomic absorption method.

Results and discussion. The synthesized titanium-manganese composite
ionites, unlike obtained by solid-phase sintering lithium-manganese spinels, are
mechanically stable granules with an average size 0.25-0.5 mm and metallic luster
(Figure 1 a). Increasing the content of manganese in the final product causes
deterioration of mechanical properties - significantly increases the content of fine
fractions.

The results of SEM study show the presence of nanoscale material particles that
are agglomerated during the heat treatment process. The sorbent treated at higher
temperature is characterized by tighter structure of the aggregates due to structural
rebuild with formation of spinel structure.

w

uuuuu N:

Fig. 1. Microphoto (a) and SEM Photos (b) of lon Exchange Materials Based on TiO, -
MnO,, Calcinated at 500 °C (on the Left), 700 °C (on the Right)

Heat treatment promotes strengthening of sorbents, accompanied by shrinkage
and compaction of oxyhydrate materials. In the temperature range 100-400 °C
samples are X-ray amorphous. It is known that at 400-500 °C in titanium dioxide
anatase structure is formed that transfers to the form of rutile at temperatures above
700 °C [5]. Along with dehydration, crystallization of samples and forming of
lithium-containing phase (space group Fd3m) occurs. The presence of manganese
dioxide in titanium dioxide leads to a shift of polymorphic transformations to high
temperatures. According to X-ray analysis (Table 1) for a sample calcined at 500
°C, rutile phase 1s formed and lithium-manganese-titanium spinel
(LigosoMngo1)[Mngg7s Tio124]0s. At calcination temperature of 700 °C the largest
reflexes correspond to rutile and lithium-manganese-titanium  spinel
(LiMn, 6)Tip404. Increasing calcination temperature increases content of lithium-
containing phase and, therefore, the total content of lithium ions. Thus there is an

19



Environmental Protection: from Sorbents to Membranes

increase in the crystal lattice constant (a), unit cell volume (V), and average
particle size, confirming the structural data, according to which with the increase
of calcination temperature particles consolidate and agglomerated during the heat
treatment process.

Table 1: Composition of Lithium-Containing Samples of TiO,-MnO,
According to X-ray Analysis

Material Ti10,-MnO, (500 °C) T10,-MnO, (700 °C)
COITIpOSitiOH T102 (Li0,989Mn0,01)[Mn0,876 T102 Li(MnO’gTi0'2)204
Tig.124]O4
Content, % 78,2 21.8 59,3 40,7
Li, mmol/g - 2,02 - 2,28
a 4.6396 8.1868 4.5935 8.2878
c 2.9575 - 2.9592
\% 63.665 548.701 62.440 569.276
Average
particle size, 20 9 34 26
nm

Ion exchange on ionites of MnO, type is caused by OH groups, which are
distributed in the volume of substance: (MnOy),OH + Li = (MnOy),0OL1 + H"
Oxyhydrate sorbents of TiO, type are weakly acidic cation exchangers and
exchange capacity depends on solution acidity as: TiOy(OH), O H+ Li'e
TiOn(OH),. OL1 + H". Thus, for composite Ti0,-MnO, similar dependence is
observed - absorption capacity increases in an alkaline environment.

Sorption of sodium ions caused only by dissociation of ion exchange groups at
higher pH, and lithium ions are also adsorbed due to localization in octahedral
cavities that are unavailable for sodium ions. Selectivity of lithium ions adsorption
in the presence of background ions (Li/Na = 1/25) increases with treatment
temperature growth due to large number of selective sorption centers formed,
while the total ion exchange capacity of the material decreases. Reduced capacity
of the sorbent with increasing synthesis temperature is explained by sintering of
the material and increasing amount of non-exchange lithium left in the bulk of the
sorbent (Table 2).

The efficiency of composite materials use was studied with ion exchange in
dynamic conditions from solution containing both Na" and Li" with concentration
ratio of 50:1 respectively. This proved that synthetized material TiO,-MnO, 500 °C
is extremely selective to sorption of lithium ions as after the experiment
concentration ratio of Na’/Li" in the ion exchanger was 0,55:1.
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Table 2: Sorption Properties of Ti0,-MnO, Composite Materials

Ion exchanger Az, Ks Kd Dy, m°/s.
mmol/g

Ti0,-MnO, 500 'C 1,352 40 216 1.5%10™"

Ti0,-MnO, 600 'C 1,187 684 180 3.9%107"

Ti0,-MnO, 700 C 0,961 990 136 5.8%10™

A;; — adsorption capacity , Ks - selectivity coefficient, Kd — distribution coefficient, Dy;
— diffusion coefficient (all the values are obtained at pH=8)

0.03
0.025
on /
g 0.02 /
= 0.015 _
8 ¢ Li, mmol/g
g 0.01 Na, mmol/g
%)
0.005
0
0.00 0.50 1.00 1.50

Total volume, 1

Fig. 2. lon Exchange from Mixed Solution of LiCl and NaCl under Dynamic Conditions

Conclusions. Although increasing treatment temperature increases the
synthesis of the total content of lithium ions, but this lithium is not available for
ion exchange after washing of applicative ion. Thus optimal conditions to obtain
ion exchange materials based on TiO,-MnQO, is thermal modification of lithium-
substituted samples at 500-600 °C and equimolar ratio of the components in which
the selectivity and rate of absorption are combined. . This synthesis method allows
us to obtain mesoporous materials with high distribution coefficients of lithium.
Diffusion coefficients calculated for ionites synthesized at 500-600 °C correlate
with the values of diffusion coefficients in the lithium compounds LiM,Mn, O,
with spinel structure [6].
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JITIA-CEJEKTUBHI KOMIIO3UTH HA OCHOBI OKCHU/IIB
TiOz-MnOZ
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Peztome. Cunmesosani KoMOno3uyivHi 10HOOOMIHHI Mmamepiaiu HA OCHOBL
2l0pamosanux OKCUoi@ mumauy ma MAaHeawy memniamuum memooom. Ilokazano,
Wo copOYilini Xapakxmepucmuxku OmpuUMaHux Mamepianie 8UsHaA4amscs yMosamu
mepmiuHoi 00pobKku Ha cmaodii cuume3y. Buwi memnepamypu cummesy
npu3e00ams 00 aziomepayii copbeHma ma 3HUNCEHHS U020 KIHemMUYHUX
Xapakmepucmux, ajxe B800HOUAC YMBOPIOEMbCA Olnbuia KilbKicmb  Jimiti-
CeneKmuBHUX YeHmpis i 8UOIpKosicmb copoyii 3pocmac.
Knwuoei cnosa: oiokcuo mumawny, 0iokcuo Maueauy, aimii, iOHOOOMIHHA CeleKMUBHIMb
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REMOVAL OF As(V) COMPOUNDS FROM WATER USING
OPMN-P NANOFILTRATION MEMBRANE
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e-mail: lumel2903@gmail.com

Abstract. High efficiency of removal of As(V) compounds from water with
nanofiltration technique was shown. OPMN-P nanofiltration membrane was
involved to investigations, which were performed within a wide range of pH,
concentration of background electrolyte, operating pressure and permeate
recovery (25-90%). The rejection has been found to reach 93-98%. As shown,
the membrane is promising for water purification from arsenic, the maximal
contaminant level is 10 ug/dm’. As(IIl) has to be oxidized preliminarily down to
As (V) using photocatalysis.
Keywords: arsenate, removal, drinking water, nanofiltration, membrane.

Introduction. Arsenic compounds are often found in natural waters, owing
to both natural factors and human impact. However, the content of As-
containing ions in water sources can be higher than the maximal allowable
concentration. Thus, the development of efficient and low-cost methods for the
removal of these toxic impurities is an important task.

It has been shown earlier, that reverse osmosis (RO) involving ESPA-1
membrane provides high efficiency of water purification from As(V)
compounds [1].

Since the operating pressure of nanofiltration (NF) is lower than that for RO,
the energy costs of NF is 21% lower. Additionally, higher output at lower
operating pressure is achieved. Thus, a possibility of NF application to removal
of As(V) compounds from water solutions has to be considered. The purpose of
this work was to research the NF process, which involves OPMN-P
nanofiltration membrane (Vladipor, RF). This type of membranes is available in
the market, they are often used in Ukraine.

Experimental. The effect of pressure, permeate recovery, temperature, pH
and composition of the feeding solution on As(V) rejection was studied. OPMN-
P membrane was used. Model solutions contained 100 pg/dm® As(V), 1-3 g/dm’
NaCl (1-3 g/dm’ Na,SOy). The solution pH was varied.

Results and discussion. As shown from Table 1, no significant effect of
operating pressure within the range of 0.5-1.5 MPa on As(V) removal can be
found, when the temperature was kept at 15-16° C. The rejection coefficient, R,
decreased from 97.8 to 97.1%, the permeate recovery was 90 %.
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Table 1. Removal of As(V) Compounds Using OPMN-P Nanofiltration Membrane
at Different Operating Pressure and 7= 15-16° C. Modeling Solution Contained
Initially100 pg/dm’® As(V), 1 g/dm® NaCl, the pH Was 7.5

Permeate 0.5 MPa 1.0 MPa 1.5 MPa

recovery, CAs,perm» RASa J ’ CAs,perm» RASa J ’ CAs,perm: RASa J. »
% pg/dm’® | % | dm’/ | pg/dm’ | % | dm’/ | pg/dm’ | % | dm’/

(m*h) (m*h) (m*h)

25 1.5 98.5| 15.2 - - 28.5 2.6 97.4 | 40.5
50 1.8 98.2 | 15.1 1.8 98.2 | 27.8 2.5 97.5 | 39.8
75 1.6 98.4| 15.1 1.9 98.1 | 27.7 2.4 97.6 | 39.8
90 2.2 97.8 | 149 2.3 97.7| 27.1 2.9 97.1 | 39.1

However, the rejection coefficient for As(V) reduces significantly, when the
pressure increases to 1,5 MPa at 20-22° C (Table 2). This may be caused by
growing influence of concentration polarization on the process. When the

temperature increases, the output (J) of the OPMN-P membrane shows a growth
(Tables 1, 2).

Table 2 Removal of As(V) Compounds Using OPMN-P Nanofiltration Membrane
at 20-22°C and under Different Pressure. Modeling Solution Contained Initially
100 pg/dm’ As(V), 1 g/dm’ NaCl, the pH Was 7.8

Permeate 0,75 MPa 1,0 MPa 1,5 MPa
recovery, CAs, perms RASs J P CAs, perms RASs J D CAs.perms RASa J )
% pg/dm® | % | dm’ | pg/dm’ | % | dm’/ | pg/dm’ | % | dm’/
(m”h) (m*h) (m*h)
25 1.2 98.8 | 24.5 1.7 98.3 | 31.7 14.0 | 86.0 | 40.9
50 1.5 098.5 | 24.3 1.9 98.1 | 31.7 16.5 83.5 | 40.6
75 2.5 97.5| 243 3.2 96.8 | 31.7 17.2 | 82.8 | 40.5
90 2.8 97.2 | 24.1 3.3 96.7 | 31.2 18.9 | 81.1| 40.5

The effect of increase of the permeate recovery from 25 to 90% on As(V)
removal is inconsiderable. Nevertheless, the rejection of sodium chloride
decreases from 55.1 to 30.4% (P = 1.0 MPa, T = 22 °C).

Table 3 shows that the change of the pH within the range of 4.0-9.3 does not
affect As(V) rejection. Slightly higher rejection of arsenate (99,7-99,8%) at pH
of 4.0-4.9 is probably due to lower temperature of the process (the research at
these pH values was performed at 12-13° C, the separation processes at the pH
0f 5.9-9.3 was carried out at 15-16°C).

According to [2], As(V) rejection by NF270 and TFC-SR-2 nanofiltration
membranes increases dramatically (from 51-54% to 89%) with the pH growth
from 4.0 to 6.7. Further increasing of the pH (up to pH 10) causes insignificant
change of As(V) rejection (91-93%). These data are in agreement with of [3],
where the similar effect is reported for N30F and NE90 nanofiltration
membranes. It is noted in [2], that the similar dependence of As(V) rejection on
pH is observed only for the membrane with a relatively large pore sizes. These
membranes reject As mainly according to the charge repulsion mechanism.

24



Environmental Protection: from Sorbents to Membranes

When the solution pH increases, monovalent arsenate anions transforms into
divalent one (a sharp transition at pH 6-7), which causes the improvement of
arsenic rejection by negatively charged membranes. Membranes with much
smaller pore sizes (e.g, NF70 membrane) reject As mainly due to the steric
factor (size exclusion), thus, with the change of pH the As(V) rejection of such
membranes virtually remains the same [2].

Table 3: Effect of pH and Permeate Recovery on Rejection of As(V) compounds
with OPMN-P Nanofiltration Membrane. P = 1.0 MPa, 7= 12-16°C. Modeling
Solution Contained 100 pg/dm® As(V) and 1 g/dm’ NaCl

pH Permeate recovery, %
25 50 75 90
CAs,perm: RAs: CAs, perms RASa CAS, perms RAs: CAs, perms RAs» %
ng/dm’ % ng/dm’ % ng/dm’ % ng/dm’
4.0 0.3 99.7 0.3 99.7 0.4 99.6 - -
4.9 0.2 99.8 0.5 99.5 0.5 99.5 1.0 99.0
59 1.7 98.3 2.1 97.9 24 97.6 2.8 97.2
6.9 1.8 98.2 1.9 98.1 2.0 98.0 23 97.7
9.3 24 97.6 2.5 97.5 2.6 97.4 2.8 97.2

Comparison of the results obtained by the author and other researchers shows
domination of steric factor for NF of As(V)-containing solutions using OPMN-
P membrane. Nature of background electrolyte (NaCl or Na,SO,) and increasing
in its concentrations up to 3 g/dm’ slightly affect As(V) rejection.

The results of NF treatment of ground water are shown in Table. 4. As(V)
compounds (Na3;AsO,) were added preliminarily to natural water.

Table 4. Rejection of As(V) Compounds with OPMN-P Nanofiltration
Membrane. Ground Water Is from Artesian Well (Kyiv, Irpenska str., 76) was treated.
P=1 MPa, T=16-17°C.

Permeate Cas(v)feeds ug/dm3
recovery,
% 116 220
CAs, perm> RAsa Rsalta J ’ CAs, perm> RA59 Rsalta J. P
ng/dm’ % % dm’/ | pg/dm’ | % | % | dm’/
(m*h) (m*h)
25 4.9 95.8 85.6 84.3 4.1 98.1| 854 75.7
50 6.5 94 .4 84.3 82.4 6.9 969 | 83.8 74.2
75 7.0 94.0 81.9 79.8 8.4 96.2 | 81.7 74.1
90 7.7 93.3 79.7 77.8 9.4 95.7 1 79.3 72.9

As seen from Table 4, the rejection coefficient of As(V) compounds is 93.3
and 95.7%, when the concentration of these components in the feeding solution
was 116 and 220 mg/dm’ respectively (the permeate recovery was 90%). This
gives a possibility to obtain permeate, in which the content of As corresponds to
standards for drinking water.
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Conclusions. NF processes, which involve OPMN-P membrane allow us to
reach high efficiency of removal of As(V) compounds from water. The process
can be performed within a wide ranges of the solution pH, concentration of
background electrolyte and pressure at 90% permeate recovery. The membrane
1s promising for purification of water from arsenic compounds (including the As
(IIT) with its previous photocatalytic oxidation [1]), concentration of the toxic
component decreases down to the maximal allowable level of 10 pg/dm’.
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Abstract. Membrane separation techniques are extensively used in the dairy
industry, especially in cheese whey processing. In this study, the potential of an
integrated membrane process based on ultrafiltration (UF) and nanofiltration (NF)
was investigated for fractionation of whey components, such as proteins, fat, lactose
and mineral salts.

Keywords: whey, nanofiltration, ultrafiltration, integrated membrane process,
whey processing

Introduction. Whey is the main by-product obtained from cheese production.
It contains high concentrations of organic matters, mainly proteins and lactose,
and also mineral salts. Even some applications of whey already exist, it is still
considered as a waste product of the cheese industry. Nowadays, the utilization
of minor whey components represents a big challenge for whey processing.
Usually, the pre-treated whey is discharged into sewer together with the other
liquids effluents of the dairy industry. However, the increasingly stringent legal
standards for wastewaters in contrast with the high COD and BOD of whey have
entailed a change in the approach to whey management [1,2]. Whey also
contains minerals such as sodium, potassium and chloride in large quantities.
Demineralization processes (including ultrafiltration (UF), nanofiltration (NF),
reverse osmosis (RO), electrodialysis (ED) and ion exchange (IE)) have been
used to remove mineral components from whey [3]. Desalination of whey is
necessary for further use of it as a raw material for other valuable products such
as baby food or for the recovery of proteins. Most often used processes for the
desalination of whey are IE and ED [4]. With these methods, cheese production
can be re-designed to a more environmentally friendly and efficient process.
Also, other membrane filtration processes such as UF, NF and RO are used to
find the potential applications of membrane systems for whey recycling and
utilization [5].

Experimental. Sweet whey powder is supplied by Malkara Birlik Dairy

Products Co. (Maybi), Turkey. The composition of sweet whey powder was
given in Table 1.
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Table 1: Composition of Sweet Whey Powder

Parameters Amounts(%)
Protein 11.55
Lactose 78.82

Fat 0.33
Salt Not informed
pH 6.48

The whey powder was used to prepare a 6% of whey solution in ultrapure
water. In the experimental studies, a cross-flow flat sheet membrane test unit
(SEPA CF II GE Osmonics) was used. For membrane tests, Osmonics — JW
membranes for UF and NF-90 membrane for NF tests were employed. The
properties of the membranes used are given in Tables 2 and 3. Flow scheme of
the integrated membrane method for whey processing was given in Figure 1.

Table 2: The Properties of NF-90 Membrane
(Dow Water & Process Solutions, 2014)

Membrane Type NF-90
Producer DOW FILMTEC
Material Thin Film Composite
Maximum Temperature 45°C
Maximum Operating Pressure 41 bar
pH Range 2-11
Free Chlorine Tolerance <0.1 ppm
Stabilise Salt Removal >%97.0
Permeate Flow Rate 16 gpm

Table 3: The Properties of JW-UF Membrane
(GE Osmonics Water & Process Technologies, 2014)

Membrane Type JIW
Producer GE Osmonics
Material Polyvinylidene floride

Maximum Temperature 50°C
Typical Operating Pressure 5.55-9.31 bar
Maximum Operating 7 bar

Pressure
Typical Operating Flux 5-20 gfd
pH Range 2-10

28




Environmental Protection: from Sorbents to Membranes

Protein
Concentrate

Conce}; trate(C)

Lactose
Concentrate

—~

UF /| NF

Permeate

Water

P
®) g Minerals(Monovalent ions)

Whey

v
v

Fig. 1. Separation of Whey Components by Integrated UF-NF Process

The experiment was carried out at 7 bar of pressure for UF operation. The
permeate was collected as a feed solution for NF process in the next step. The
NF process was performed at an applied pressure of 10 bar. During NF test,
permeate and concentrate streams are fed back to the feed tank with a constant
flow rate 96 L/h. Samples were taken from both permeate and concentrate
streams with certain time intervals in order to measure temperature, flow rate,
conductivity, total dissolved solids (TDS), salinity and pH. The protein, lactose,
fat and mineral analyses of samples were performed using standard methods.

Results and discussion. The protein contents of feed and concentrate samples
obtained during UF operation were summarized in Table 4. It was possible to
concentrate the protein with more than 20% in the concentrate stream of cheese
whey solution by single step UF operation. Next, the permeate of UF process
was employed as the feed solution for NF process. The permeate flux of NF
membrane versus time was shown in Figure 2. The average permeate flux value
was about 22.5 L/m” h for NF-90 membrane at 10 bar of pressure. The qualities
of permeate and concentrate samples of NF membrane in terms of TDS, pH,
conductivity and salinity were illustrated in Figure 3.

Table 4: The Protein Contents of UF Membrane Feed and Concentrate Samples

Protein
Sample (%) C/Co
UF-Feed 0.92 -
UF-Concentrate
(Average) 1.12 1.22
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Fig.2. Permeate Flux versus Time for NF-90 Membrane
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Fig. 3. TDS (a), pH (b), Conductivity (c) and Salinity (d) of Permeate and
Concentrate Streams of NF-90 Membrane

Figure 4 exhibits the conductivity rejection of NF-90 membrane versus time

from UF permeate. Average conductivity rejection obtained by NF-90
membrane was around 90% while average TDD rejection was 86%.
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Fig. 4. Conductivity Rejection of NF-90 Membrane vs. Time

Average lactose contents of feed and concentrate streams of NF-90 membrane
were given in Table 5. According to Table 5, it was possible to concentrate the
lactose in the concentrate of NF by 29% with a single NF operation.

Table 5: The Lactose Contents of NF-90 Feed and Concentrate Samples

Lactose
Samples (%)
NF-90 Feed 56
(UF Permeate)
NF-90 Concentrate 72
(Average)

Conclusions. According to the obtained results, protein in cheese whey
solution was collected in the concentrate stream of UF membrane while lactose
passed through the UF membrane and collected in the permeate stream of UF
membrane. Thus, it was possible to separate protein from lactose using UF
process. Also, demineralization of cheese whey concentrate will be possible
since the mineral ions will be collected in the permeate side of UF membrane.
On the other hand, lactose in the UF permeate was mostly rejected by NF

membrane along with mineral ions. Future study will focus on demineralization
of lactose as well.
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Abstract. Application of standard contact porosimetry to investigations of
activated carbon, polymer ion exchange membranes and composites based on
them is considered. The method allows us to research porous structure of
swollen materials in a wide diapason of pore radii (from 1 nm to 100 um), to
recognize mechanism of composite formation, to find location of inorganic
particles in one or other type of pores of the polymers, to estimate hydrophilic
and hydrophobic porosity.

Keywords: ion exchange membranes, organic-inorganic composites, activated

carbon, standard contact porosimetry, hydrophilic and hydrophobic pores.

Introduction. Functional properties of ion exchange membranes (IEMs) and
activated carbon (AC) are determined, particularly, by their porous structure,
which can be investigated with various methods [1-5]. The information content
of widespread porosimetry techniques is limited. Regarding polymer [EMs, their
structure 1s labile, it is formed mainly during swelling and strongly depends on
liquid or temperature. This makes it impossible the application of mercury
porosimetry, BET and microscopy methods. No swelling is characteristic for
AC, but these materials contain both hydrophilic and hydrophobic pores, which
cannot be recognized with the mentioned methods. These two types of pores
affect functional properties of AC. Moreover, the pore size is within a very wide
diapason (4-5 orders) for IEMs and AC.

Experimental. Such untraditional method as standard contact porosimetry
(MSCP) is the most informative and correct technique for investigations of
IEMs and AC [1-5]. MSCP gives a possibility to keep temperature, which is
equal to that in fuel cells or electrodialysis cells. Similar working liquid
(electrolyte solution or water) can be also used [2, 3]. Thus, porous structure that
is realized under the real operating conditions can be determined. The MSCP
allows us to obtain pore size distributions in the maximal diapason: from 1 nm
to 3x10° nm (five orders of magnitude).

Results and discussion. Homogeneous ion exchange membranes. These
materials can be considered as solid polymer electrolytes containing only one
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phase (ion-exchanger). As shown in example of MA-100 anion exchange
membrane, very insignificant swelling occurs in octane (Fig. 1, [3]). It means
practically mo porosity in this medium similarly to air-dry state. In aqueous
medium, considerable porosity is formed in the region of pores, a radius of
which is less than 10 nm. The most known homogeneous materials are proton
conductive perfluorinated membranes of Nafion type containing sulfo groups.
Porous structure of these materials is formed only in water or in water vapour
due to hydration of functional groups [6]. Water molecules move apart the
polymer chains producing pores.

Pore size distributions have been also
obtained for Nafion 112, Nafion 115,
Nafion 117 as well as for Russian
analogue of these membranes (MF-4SK),
water was used as a working liquid [6].
Porosity of these IEMs was shown to be
provided mainly by micro- and
mesopores, a radius () of which is less
than 10 nm. This structure is so-called as

N

O

[a—

dV/d(logr), cm*g!(nm)

2
0 _ };n "nanostructure" or "ion exchanger phase".
1 5 The curves of pore size distribution for all
log r(nm) mentioned membranes are close to each
Fig. 1. Differential Pore Size other in the nanostructure region. It is
Distributions for Homogeneous MA- ~ assumed that the nanostructure is

100 Membranes (Adapted from [3]). determined by similar chemical nature of
Working Liquids Are Water (1) and the  membranes. Based on the
Octane (2). investigations of other IEMs, this
conclusion can be related for all ion
exchange membranes. The pore size
distributions are rather different in the region of »=10-500 nm. These pores are
evidently affected by the procedures of membrane preparation, which are
different for various type of IEMs.

Any change of the synthesis procedure affects porous structure of IEMs [7].
For instance, increasing in ion exchange capacity of the MF-4SK membrane
from 0.71 to 1.02 mg-eq g' causes almost doubling porosity value. The
cumulative volume of micro- and mesopores in ethanol is higher in two times
than that in water. Macropores are practically absent in two cases. The
information about the membrane structure is important for methanol-air fuel
cell. The swelling degree of the membranes depends also on nature of counter-
ions. The MF-4SK membrane shows a decrease of porosity (about 30%) after
loading with Na". The volume of pores decreases sufficiently, when inorganic
counter-ions are substituted by organic species [3].

Heterogeneous membranes. These IEMs contain not only ion-exchanger but
also inert components. For example, Fig. 2 illustrates differential pore size
distributions for the MC-40 membranes containing different amount of
divinylbenzene (DVB) and polyethylene particles as a binder [8]. The curves are
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characterized by two maxima: the first peak is in the region of micro- and
mesopores (from <1 nm to 100 nm), the second one is attributed to macropores
(r=300-3000 nm). Pores of the first type are formed due to swelling of ion
exchanger phase, voids of the second type are due to inert polyethylene phase.
As seen, a growth of DVB content causes an increase of the second maximum,
the first peak becomes smaller.

Organic-inorganic membranes. These membranes are probably the
widespread type of composite IEMs. One way to prepare them is to insert
inorganic particles into preliminarily formed polymer membranes. Since porous
structure of ion exchange polymers are complex, the incorporated particles can
be precipitated in one or other types of pores depending on their size. The
particle size is determined by Ostwald-Freundlich equation [9]:

Q: pv, o cosep (1)
C RTr

0

Here ¢ is the compound
concentration in the solution,
C_ 1s the concentration of

0

saturated solution, B 1s the

(=

shape factor of particles, v, is

m

the molar volume of the
compound, o is the surface
tension of the solvent, ¢ is the
wetting angle, R 1is the gas
constant, 7 is the temperature, log l-um{)
r 1s the particle radius. The
particles, a radius of which is

)5

b=

dV/d(logr)x103, cm?e(nm)

Fig. 2. Differential Pore Size Distributions for
Heterogeneous MK-40 Membranes Obtained

le.ss than the - Ya?ue, are by Copolimerization of Styrene with DVB
dissolved and reprecipitated as (Adapted from [8]). The Content of DVB: 2 %
larger formations. This (1), 4 % (2) and 8 % (3).

thermodynamic equation allows

us to control the modification conditions and to form purposefully smaller or
larger particles of the modifier (usually it is inorganic ion-exchanger) [10]. The
equation was adapted taking into consideration ion exchange properties of the
polymer [11].

The composite [EMs were obtained by modification of heterogeneous
membranes with zirconium hydrophosphate (MC-40 cation exchange
membrane) and hydrated zirconium dioxide (MA-40 anion exchange material).
In order to establish the interrelation between structure of the modified
polymers and their functional properties, following parameters have been
introduced: (i) a ratio of volumes of pores of the first and the second type (« ),
(11) a ratio of volumes of micro- and mesopores of the first type (y) [12]. A

change of these parameters, which is caused by the inorganic particles, has been
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found to reflect ion movement through the composites. Primary nanoparticles in
pores of the first type improve ion transport due to additional counter-ions.
Small aggregates (up to 200-300 nm) in pores of the second type are filters
against co-ions and uncharged particles (for instance, organics). Large
agglomerates can be also formed in pores of the second type, a size of which is
several microns. They deteriorate functional properties of IEMs. Thus, the
modification procedure has to provide no agglomerate formation.

The modification procedure [12] allows us to precipitate only primary
nanoparticles and their small aggregates inside heterogeneous IEMs (Table 1).
The primary particles cause a decrease of a and y parameters indicating
location inside pores of the first type. The inorganic cation-exchanger, such as
zirconium hydrophosphate, increases the membrane potential in neutral media.
Amphoteric hydrated zirconium dioxide deteriorates charge selectivity under
these conditions. Thus, at least one side of the composite ion-exchange
membrane has to be in a contact with acidic solution. It is necessary to provide
anion exchange ability of the modifier. Lower electrical conductivity of the
composite [IEMs than that of the pristine membranes is due to barrier function of
the aggregates in pores of the second type.

Table 1: Characteristics of IEMs (Adapted from [12])

Membrane o y Potentiometric Electrical

transport number conductivity,

(0.5 M/1 M NaCl) mOhm™' m™

(0.5 M Na(Cl)
MK-40, pristine 1.85 1.59 0.92 160
MK-40, Composite 1.76 1.50 0.94 30
MA-40, pristine 1.35 0.98 0.96 27
MA-40, composite 1.11 0.91 0.92 22

The membranes were applied to desalination of biological liquids, for
instance, milky whey. The advantages of organic-inorganic membranes over
polymer IEMs are no concentration polarization, when the current is lower than
the limiting value [12], higher desalination degree [13] and current efficiency
[12, 13], faster removal of hardness, hydrophosphate and dihydrophosphate ions
than cations of alkaline metals and chloride anions [13]. At last, organic-
inorganic I[EMs are stable against fouling with organics.

Composite polymer membranes. Polymer fibrous composites are relatively
new [EMs. Combination of different fibrous fillers and ion exchangers allows us
to obtain materials with a wide diapason of properties. Cation exchange
materials of Polycon type are obtained with a polycondensation method:
strongly acidic ion-exchanger is formed between the fibers as well on outer
surface of the fibrous membranes (Fig. 3). Synthesis procedure involves
impregnation of the membrane with a solution of monomer followed by

36




Environmental Protection: from Sorbents to Membranes

pressing. Exothermic heating of the material occurs during pressing, this affects
structure of the membrane being formed.

Hydrophilic and hydrophobic pores of composite membranes, which are
determined by pressure during synthesis, were investigated in [14] using octane
and water. The method of standard contact porosimetry allows us to determine a
wetting angle for water (6) [1-4]. As shown, porous structure of swollen
Polycon-type membranes involves pores due to fibers and ion exchange filler. In
general, fibers contain hydrophilic micropores (8 ~0°), hydrophilic-hydrophobic
mesopores (0 <90°) and hydrophobic meso- and macropores (6 >90°) [14]. The
ion exchange filler contains only completely hydrophilic micro- and mesopores.
The values of specific surface area are different (70-480 m* g') for various
Polycon membranes containing an equal amount of the ion-exchanger (90 mass
%). However, exchange capacity is similar for all samples (2.6-2.8 mg-eq g").
This is explained by different orientation of functional groups relatively to
polymer chains. The orientation provides different distributions of water
molecules and different nanostructure of the filler.

FIber lon-exchiangey

Fig. 3. SEM Images of Polycon Membrane (Adapted from [14]).

Pore corrugation. The method of standard contact porosimetry allow us to
recognize pore corrugation: this feature of porous structure of the IEMs affects
their electrical conductivity [15]. Homogeneous MA-100 anion exchange
membrane and home-made heterogeneous cation exchange membranes were
investigated [16]. The last samples were produced by copolymerization of
methacrylic acid with DVB in a solution of polyethylene (a binder) in m-xylene.

Fig. 4a illustrates integral energetic adsorption-desorption isotherms
measured in water for the MA-100 membrane, integral pore size distributions
obtained during evaporation of water or decane and the difference between these
curves. A change of the membrane volume, which was measured with a
micrometer during water evaporation, is also given. During swelling in water,
the pore volume increases in 9 times mainly due to pores of the first type
attributed to nanostructure. The volumes of pores of the second type are
practically similar, when water or decane are used as working liquids. The main
important result is a coincidence of the curves in the region of nanostructure and
small hysteresis in the region of macropores.
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Similar family of curves are given in Fig. 4b for the home-made membrane.
The curves for water adsorption and desorption also coincide in the region of
nanostructure, however, the hysteresis is much significant comparing with
homogeneous MA-100 membrane. Thus, pores of the first type, which are
formed in water, are not corrugated. At the same time, macropores are
corrugated. Since corrugation means also pore tortuosity, the highest values uf
electrical conductivity and diffusion coefficients should be found for
homogeneous membranes, in which macropores are practically absent. This
conclusion is assumed to be common for all ion exchange membranes.
Particularly this assumption explains very high conductivity of Nafion
membranes, which are used in low-temperature fuel cells.

E, J mol’! log E, J mol!
103 102 10 3[ % }
04 [ I I 1 I
a 2 4
T 031
£
Q
3 02F
>
<
> 0.1}
10 10 109

2
r,A logr, &

Fig. 4. Integral Energetic Isotherms of Water Adsorption (1) and Desorption (2),
Integral Pore Size Distributions Measured in Water (2) or Decane (3) during
Evaporation. The Curve (4) Is the Difference of Curves (2) and (3), the Curve (5) Is a
Change of the Membrane Volume during Release of Water from Pores. The Data Are
Given for the MA-100 Anion Exchange Membrane (a) and for the Membrane
Produced by Copolymerization of Methacrylic Acid with DVB (b). Adapted from [16].

Activated carbon. These sorbents are applied to solution of following tasks:
prevention of emission of harmful gases into the atmosphere, purification of
waste waters, production of pure water using capacitive deionization (CDI) etc.
The CDI method requires the most hydrophilic electrodes, this property can be
estimated with a method of standard contact porosimetry. Here the results of
investigations of porous structure and hydrophilic-hydrophobic properties of
following AC are given: CH900 (Curaray Co, Japan), VISKUMAK (Neorganica
LTD, RF), SAIT (SAIT Co, South Korea). The first two samples are textiles, the
electrode of SAIT type was produced by pressing of powder of activated carbon
with a binder (polytetrafluorethylene).

Integral and differential pore size distributions for the carbon materials were
obtained using water or octane (Fig. 5a-c). These distributions are plotted vs
effective pore radius (*) that is determined as [2— 5]:
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e (2)

cosf@

where r is the true value of pore radius. The 0—logr curves were also plotted
(Fig. 5d). Since octane wets all materials almost perfectly, r*~r for this liquid.
The difference between the maximal content of octane and water corresponds to
hydrophobic pores. All investigated carbon electrodes were found to include
both hydrophilic and hydrophobic pore volumes (hydrophilic and hydrophobic
specific surface area, Table 2). The wetting angle distributions show
hydrophobicity for all electrodes, especially for the SAIT material containing
particles of hydrophobic binder. Moreover, complex 0—logr dependences are
due to inhomogeneous distribution of surface groups in pores of different size.
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Fig. 5. Differential Pore Size (a-c) and Wetting Angle (d) Distributions Measured in
Octane (a-c, 1) and Water (a-c, 2) for the CH900 (a, d1), SAIT (b, d2) and
VISKUMAK (c, d3) Electrodes. Insertions. Integral Pore Size Distributions (a-c).

A very wide diapason of pore size is characteristic for the electrodes (from
r<1 nm to 100 um), pores are both hydrophilic and hydrophobic. The values of
specific surface area are rather high, they are sufficiently different from each
other. The magnitudes of hydrophilic and hydrophobic porosity are also various.

The data obtained in octane media allow us to make main conclusions. A
total diapason of pore size is very wide: the r values are less than 1 nm for the
smallest pores and larger than 100 pum for the largest voids. Micropores
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(r<Inm) as well as large macropores (»>100 um) are attributed for all
materials. Pores, a radius of which is 1-100 nm, are practically absent in the
CH900 and VISKUMAK textiles. All types of pores have been found for the
SAIT electrode.

Table 2. Characteristics of Porous Structure of Carbon Electrodes

Electrode Specific surface | Ratio of Porosity (cm’ cm™)
area (m’g") hydrophilic
Total Hydro- | and total Total | Hydro- | Hydro-
philic surface areas philic phobic
CH900 1520 850 0.56 0.850 | 0.786 0.064
VISKUMAK 600 416 0.70 0.729 | 0.623 0.106
SAIT 940 520 0.55 0.715 | 0.490 0.225

Total porosity is rather high for all electrodes. A comparison of the data,
which were obtained in water and octane media, shows higher volume of
hydrophilic pores than that for hydrophobic voids. The magnitudes of total
specific surface are 600-1520 m* g™, particularly the values of 420-850 m” g are
due to hydrophilic pores. The last values are very important, since electric
double layer, which determines main characteristics of CDI processes, is
realized in these pores. The largest contribution of hydrophilic regions into total
surface area has been found for the VISKUMAK textile. Regarding the CH900
ACT textile and the SAIT composite, the ratios of hydrophilic and total surface
areas are sufficiently lower and close to each other.

Conclusions. The MSCP allows us to investigate porous structure of polymer
IEMs in a very wide diapason of pore radius unlike, for instance, a method of
water adsorption-desorption isotherms. In opposite to mercury porosimetry, this
method can be applied to swollen materials, i.e. they can be researched under
real conditions. Inert voids and pores that are responsible for ion exchange are
recognized by this manner. The information about the influence of synthesis
conditions on structure of IEMs and composites based on them can be obtained.
Particularly inversion of polymer chains in polymer composite membranes and
location of inorganic particles in one or other types of pores of the polymers
have been found. The method also allows us to research hydrophilic-
hydrophobic properties of AC, this is especially important for CDI processes.
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Peztome. Pozenanymo 3acmocysanus memooy emaioOHHOI KOHMAKMHOL
nopomempii 011 OOCHIONCEHHA  AKMUBOBAHO20  BY2llLlA,  NOJLMEPHUX
IOHOOOMIHHUX MeMOpaH ma KOMNo3umieé Ha ix ocHosi. Memoo 0do3sonse
8UBHAMU NOPUCTY CMPYKMYPY V WUPOKOMY O0iana3zoHi padiycie nop (8i0 1 Hm
oo 100 mkm), 6cmanoeniosamu MexaHizM OpMY6aHHA  KOMNO3UMIE,
i0eHmugixysamu HeoOpeaHiyHi 4acCMuHKU )y Mux abo iHWUX nopax noimepis,
oyinosamu 2iopoinbHy ma 2iopoghooHy nopucmicme.
Knrouosi cnoea: ionoobminni memoOpanu, OpeaHO-HEOPeaHIYHI  KOMNO3UMU,

aKmueosawue 8y2ilis, emaloHHA KOHMAKmMHa nopomempis, 2iopo@inbri ma 2iopogooHi
nopu.
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Abstract. Recent studies of phosphorus-containing carbons are reviewed.
Characteristic feature of phosphorus-containing carbons is acidic surface
groups like phosphates, which determines their adsorption, catalytic and
electrochemical properties. Phosphorus-containing carbons offer a great
promise for water treatment, in catalysis and as electrode material for electrical
double layer capacitors.

Keywords: phosphorus-containing carbon, porous structure, surface chemistry,

electrochemical properties, catalytic properties

Introduction. Activated carbons are the most widely used general-purpose
adsorbents that have been in service for almost four millennia. Up to now, new
applications of carbon adsorbents arise, and the potential of carbons is far from
exhausted. The properties of carbon adsorbents are determined both by their
porous structure and by the chemical nature of their surface [1][2].

The effect of oxygen and nitrogen heteroatoms on the chemical nature of the
surface of carbon materials has received the most study. It has been shown that a
relatively small amount of oxygen-containing surface groups gives the carbon
materials such characteristics as hydrophilicity and the ability to absorb cations
from aqueous solutions and catalytic activity in acid-catalyzed reactions. The
inclusion of nitrogen in the structure of the carbon increases the amount of basic
groups and changes the charge in the graphene layers, increases anion-exchange
capacity and catalytic activity in redox reactions.

Phosphorus heteroatom has received much less attention. The purpose of the
present communication is review recent advances in phosphorus-containing
carbons [3,4].

Experimental. Phosphorus-containing carbons were obtained by (i)
carbonization of phosphorus-containing copolymer [5]; (ii) by phosphoric acid
activation of polymer [6-10], lignocellulosic [11,12] or lignin [13] precursor; or
(ili) by heat treatment of ready-made activated carbon impregnated with
phosphoric acid [14].

Results and discussion. Phosphorus-containing carbons show developed
porous structure with different pore-size distributions depending on the
precursor. BET surface area range from 625 to 2070 m%/g (Table 1.). Total pore
volume is almost equally distributed between micro and mesopores. The most
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developed porous structure in biomass-derived carbons - fruit-stone-based
carbon APP400 and corncob-based carbon CCP400.

Table 1. Parameters of Porous Structure of Phosphorus-Containing Carbons
Obtained from Polymer (SP900 [15], BMP600 [7]), Biomass (APP400 [12] and

CCP400 [16]) and Lignin (LSP400 [13]) Precursors

ABET Vtot Vmi Vme
Carbon m’/g cm’/g cm’/g cm’/g
SP900 625.2 0.44 0.20 (46%) 0.24 (54%)
BMP600 891.1 0.45 0.26 (57%) 0.20 (43%)
APP400 1750 0.90 0.47 (53%) 0.42 (47%)
CCP400 2071 1.13 0.55 (49%) 0.58 (51%)
LSP400 1018 0.76 0.31 (41%) 0.45 (59%)

The procedure used for preparation yielded carbons with high amount of
phosphorus [6,7,10-13]. With increasing carbonization temperature up to
800 °C, the amount of phosphorus increases for all carbons while at higher
temperatures phosphorus content decreases. This fact is due to simultaneously
occurring two processes. One is enhancing the intensity of the reaction between
phosphoric acid and carbonaceous matter with increasing temperature. The other
Is destruction of phosphorus-containing compounds with formation of volatile
products. Thermodynamic calculations show that volatilization of phosphorus
compounds is favored at temperatures higher than 750 °C.

Some information about the chemical structure of phosphorus species in the
structure of carbons can be obtained from elemental analysis [6,7,10-13].
Oxygen to phosphorus atomic ratio decreases with increasing carbonization
temperature reaching a value between 3 and 4, which is between
monophosphates, as in phosphoric acid (n=4), and polyphosphates (n=3). This
fact allows ascribing phosphorus species in carbon structure to polyphosphates.

FTIR investigation confirms existence of polyphosphates (P-O-P symmetric
1070 cm™, P-O-P asymmetric 990 cm™) bound to carbon lattice via C-O-P
bonding (C-O-P and P=0 1230 cm™) [6].

The existence of polyphosphates is corroborated by XPS experiments, which
show a single state of phosphorus atom like in phosphates structure [17,18].

In addition to the above studies, *P-NMR shows the existence of phosphonate
structures (C-P bonding) at 500-600 °C which disappears at higher temperatures
[18].

Direct evidence of polyphosphates on carbon surface was obtained by laser
desorption/ionization time-of-flight mass spectrometry [19]. LDI-ToF mass-
spectra revealed polyphosphates fragments with polymerization degree up to 4.

Analysis of LDI ToF mass-spectra allows putting forward fragmentation
scheme of phosphorus species during acquisition of LDI ToF mas-spectra [19].

Characteristic feature of phosphorus-containing carbons is acidic character of
surface with significant cation exchange capacity (CEC) [6,10-12]. This feature
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may be compared to that of oxidized carbons obtained by treating carbonaceous
adsorbents with oxidizing agents like HNO3, H,0,, HCIO etc.

Potentiometric titration revealed the difference between surface group
composition in phosphorus-containing and oxidized carbons. Phosphorus-
containing carbons contain much more acidic phosphate groups (pK ~2) while
most acidic groups in oxidized carbons are carboxylic (pK ~3).

Significant amount of acid surface groups determines the metal ion binding
properties of phosphorus-containing carbons. Adsorption of heavy metal ions is
much higher on phosphorus-containing carbons, especially in acid solutions, due
to binding to very acidic phosphate groups which are absent in oxidized carbons
[6,20].

Column adsorption experiments shows 1.5-4 times higher breakthrough
volume and saturated capacity even over synthetic ion exchange resins like
carboxylic KB-4 (Amberlite IRC-50 analog) and sulfonic KU-23 (Amberlyst-15
analog).

Very acidic surface groups imparts catalytic activity of phosphorus-containing
carbons in acid-catalyzed reactions like synthesis of ethyl-tert-butyl ether [21],
butyl acetate and hydrolysis of ethyl acetate [22]. Catalytic activity of
phosphorus-containing carbons is proportional to the content of phosphate
groups.

Phosphorus-containing carbons show high electrical capacity 192-220 F/g in
agueous (1 M H,SO,) electrolyte [23,24]. Phosphorus imparts carbon adsorbents
high electrochemical stability, which allows operating at high potentials up to
1.3V for 15000 cycles with very small loss of capacitance. Widening operating
voltage window greatly increases the energy stored in electrochemical double
layer capacitor. Statistical analysis reveals than the most influential factors for
high electrical capacity are phosphorus content and surface area of pores with
0.65-0.83 nm (determined from CO, adsorption data).

Conclusions. Recent studies show that phosphorus-containing carbons are a
new type of carbonaceous adsorbents. Phosphorus-containing carbons show
high cation exchange capacity and offer a great promise for removal of heavy
metal ions from aqueous solutions (water treatment) or for metal ion
concentration (recovery). Phosphorus-containing carbons show high catalytic
activity in acid-catalyzed reactions (etherification, esterification, and
hydrolysis). Phosphorus-containing carbons have great potential as electrode
material for EDLC.
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Abstract. Adsorption kinetics of anthocyanins from aqueous extracts of
elderberries on bentonite at various concentrations of anthocyanins, mass of
bentonite, and temperature was investigated in this work. It was found that the
equilibrium adsorption capacities and correlation coefficients for pseudo-
second order model are much more reasonable than that of the pseudo-first
order model.

Keywords: adsorption kinetics, anthocynians, bentonite, pseudo-first order,  pseudo-

second order

Introduction. In recent years there is an increasing interest in anthocyanins
as natural food colorants [1] and as substances with strong therapeutic effects
(anti-inflammatory, anti-cardiovascular, anti-diabetic, anti-cancer) [2].
Anthocyanins are widely distributed in berries, flowers, fruits, vegetables,
leaves, and roots. Among all fruits and vegetables, especially berries of dark red
or dark blue colours have a very high content of anthocyanins. For example,
total anthocyanin content in elderberries 1s between 2000-15600 mg/kg [3]. This
makes the elderberries suitable raw material for extraction of anthocyanins on
industrial scale.

Adsorption is one of the most effective methods of concentration, removal
and purification of anthocyanins from plant extracts. However, data of
anthocyanin adsorption on cheap adsorbents (for example, natural clay minerals)
are extremely rare [4, 5].

The aim of this study was to get the kinetic curves of adsorption of
anthocyanins from elderberry aqueous extracts using bentonite at various initial
concentrations of anthocyanins, mass of bentonite, and temperature of extracts,
in order to evaluate the capacity of bentonite to efficiently adsorb the
anthocyanins and carry out mathematical modeling of adsorption using kinetic
equations of pseudo-first and pseudo-second order.

Experimental. Fully ripe elderberries were harvested in Zhmerynka district
of Vinnitsa region (Ukraine) in 2015. Berries were immediately frozen and kept
at almost 20°C prior to tests.

Extraction was carried out by adding the berries in 0.1M HCI (as 1:2=w:v)
for 24 hours at 20°C in the dark. Then the extracts of berries were separated
from the berries by filtration through filter paper. Extracts of the berries were

stored at 4°C.
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Bentonite (Al,05-4S10,-H,0) was employed as the adsorbent obtained from
Dashukovsky deposit (Ukraine). Before adsorption studies bentonite was
pounded in a porcelain mortar and mixed with distilled water at 20°C. The
resulting suspension of bentonite was maintained for 2 hours, and then the top
layer of suspension was separated by decanting. The washed precipitate was
then dried at 95°C.

Adsorption of anthocyanins was carried out in static conditions, shaking
mixtures of anthocyanin extracts with bentonite at a agitation speed of 150 rpm.
After adsorption, these mixtures were filtered out and total anthocyanin
concentrations in extracts were determined by pH-differential method as mg
cyanidin-3-glucoside per litre extract.

Results and discussion. The adsorption kinetics of anthocyanins from
elderberry extracts on bentonite is shown in Fig.1. The equilibrium time of
adsorption was approximately obtained at 150 min. The rates of adsorption
removal of anthocyanins increased rapidly in the first 100 min, and then slowly
increased, finally reaching equilibrium after 150 min.

a L] c
C/Cy1,0 % C/Cy 1.0 % G/G10 X
08 08 it
0,6 X 06 r
04 04 r
02
0,0

0 50 100 150 200

0 50 100 150 200 :
t, min

t. min t, min

Fig.1. Kinetic Adsorption Curves of Anthocyanines on Bentonite at Various: a -
Initial Concentrations of Anthocyanins, b - Mass of Adsorbent; c - Temperature.

Adsorption removal of anthocyanins decreased with increasing of
temperature in the interval of 293-323 K as well as with increasing the initial
dye concentration increases from 50 to 200 mg/L (Figs.la and c). The
adsorption at the all temperatures studied usually completed when the surface of
clay is covered with a monolayer of anthocynians. After the equilibrium, the
decrease in anthocyanin removal in the interval 293-323 K indicates the
exothermic nature of adsorption. The adsorption capacity decreases with
increasing temperature indicates that the adsorption process occurs through
physical interactions. As seen from Fig.1b, removal of anthocyanins increased
with increasing adsorbent mass from 2 to 5 g/L . This imply that the number of
active sites of the adsorbent increase as parallel to increasing adsorbent mass.

It is known that bentonite carries a negative charge arising from isomorphous
substitutions of certain atoms in their structure for other atoms of a different
valence. For example, in the tetrahedral sheet, Si(IV) may be replaced by
trivalent cations, or divalent cations may replace with Al(III) in the octahedral
sheet. The negative potential of the adsorbent is compensated by the adsorption
of anthocynian cations on its surface.
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Two commonly well-known kinetic models (pseudo-first and pseudo-second
order) were applied to the experimental kinetics data in order to investigate the
behavior of elderberry anthocyanins on bentonite. According to the results, the
theoretical values of equilibrium adsorption capacities of anthocyanins on
bentonite calculated using pseudo-second order kinetic model were found to be
the closest to the experimentally found values of equilibrium adsorption
capacities (Table 1). The data shows that the regression coefficients for the
linear plots of the pseudo-second order equation were higher than 0.98. It is
clear that the equilibrium adsorption capacities and correlation coefficients for
the pseudo-second order model are much more reasonable when compared with
experimental results than that of the first pseudo-order model.

Table 1. Kinetic Parameters of Anthocyanin Adsorption from Elderberry Extracts
on Bentonite

= Pseudo-first order model Pseudo-second order model
2| A
g mg /g Aptheor kl' 1 02’ R2 Aptheor, kz' 1 03’ VO, RZ
= mg/g | min’ mg/g g e
A mg-min 2-x6
C, mg/L
50 12.2 8.8 3.61 0.9722 12.9 8.33 1.3 0.9994
100 | 23.8 19.9 2.36 0.9496 26.4 1.77 1.2 0.9908
150 | 34.9 23.8 2.26 0.8506 38.9 1.09 1.6 0.9848
200 | 39.7 27.0 1.68 0.9825 43.5 1.07 2.1 0.9933
q, g/L
2.0 55.9 39.5 1.64 0.9754 61.0 0.68 2.6 0.9872
30 | 41.5 335 1.97 0.9021 46.3 0.86 1.9 0.9809
4.0 34.9 23.8 1.64 0.9676 38.2 1.17 1.6 0.9848
5.0 | 29.2 35.8 3.34 0.7325 32.1 1.52 1.5 0.9887
T, K
293 | 34.9 30,1 2.26 0.8506 38.2 1.17 1.5 0.9848
313 | 32.5 24.5 1.69 0.9696 36.3 1.04 1.3 0.9859
323 | 28.1 23.2 1.67 0.9575 32.8 0.89 0.9 0.9864
333 | 229 21.7 2.20 0.9529 27.0 1.11 0.8 0.9904

Conclusions. According to the results, bentonite is a suitable adsorbent for
the removal of anthocyanins from elderberry acid aqueous extract. It was shown
that rates of adsorption removal of anthocyanins increased rapidly in the first
100 min, and then slowly increased, finally, reaching equilibrium after 150 min.
It was found that the pseudo-second order model appeared to be more promising
than the pseudo-first order in describing the adsorption kinetics of anthocyanins
from elderberry extracst on bentonite at various conditions.
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Pe3tome. Jlocniodcena Kinemuka adcopoyii anmoyianié 3 600OHUX eKCMPAKMIE
Oy3uHU Ha Oewmouimi Npu pIi3HUX YMOBAX NPOBEOeHHS eKChepumeHmy (npu
3MIHI  KOHYeHmpayii aHmoyianie, macu OeHmoHimy, memMnepamypu).
Bcmanoesneno, wo pisHaHHA ncesdo O0py2020 NOpsAOKY Kpauje Onucye
eKCnepuUMeHmMAaibHi KiHemuuti Kpuei adcopoyii aHmoyianie Ha OeHmonimi, Hidxc
PIBHAHHA NCe800 NEPULO20 NOPSOK).

Knrwwuoei cnosa: xinemuxa aocopbOyii, anmoyianu, OeHMOHIM, Ncesoo nepuiull

NOPsI00K, Ncedoo Opyeuil NOPsOOK
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Abstract. Whey is a liquid by-product of the dairy industry produced during the
manufacture of cheese and it contains more than half of the solids present in the
original whole milk, including whey proteins (20% of the total protein) and
most of the lactose, minerals, water-soluble vitamins and minerals. In recent
years, whey has been recognized as a major source of nutritional and functional
ingredients for the food industry. Commercial whey products include various
powders, whey protein concentrates and isolates, and fractionated proteins,
such as a-lactalbumin and b-lactoglobulin. The increased interest in separation
and fractionation of whey proteins arises from the differences in their
functional, biological and nutritional properties. For this reason, the aim of this
work is first to put together all the necessary information about whey, its
composition, properties, potential usages and describe the common methods of
whey processing.

Keywords: whey, type of whey, whey composition, whey valorization, whey

processing.

Introduction. Whey is the liquid substance obtained by separating the
coagulum from milk, cream, or skim milk in cheese making. Whey could be also
obtained from curd formation by the direct acidification of milk. The whey
stream contains approximately 6% of solids, mainly lactose, minerals, whey
proteins, fat, and by-products of cheese (or casein) manufacture. The quality and
compositions of the whey vary depending on the type of cheese (or casein)
being produced and manufacturing practices [1-3].

Whey is used mainly as animal feed or discharged into the wastewater
treatment plants, although it is rich in valuable components. It contains lactose,
minerals (e.g., calcium, magnesium, phosphorus), vitamins, non-casein protein
(except glycomacropeptide), and traces of milk fat. Because of its content of
organic compounds, whey cannot be discharged to receiving environments.
Therefore, it is necessary to process the whey even it may not be economic.
Also, when its considered that on cheese making about half of the total milk
finds its way into the whey, it is more understandable that the processing of
whey and in particular its organic constituents are considered very important.
Thus, recovery of valuable compounds such as protein and lactose from whey
has received intense attention recently.
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Worldwide whey production is estimated at around 180 to 190x10° ton/year;
of this amount only 50% is processed. The whey can be considered as a valuable
by-product with several applications in the food and pharmaceutical industries;
however, it is often treated as a dairy wastewater. The treatment of whey
represents a serious problem due to its high organic load, which can reach a
chemical oxygen demand (COD) of 100,000 mg O, L™ [4].

In Turkey, 5 major dairy companies that process 19% of Turkish raw milk are
present, whereas there are hundreds of so called “mandras” possessing small
traditional dairy processors which generate huge amounts of whey. Whey
treatment processes include traditional techniques such as evaporating and
drying which are widely employed in Turkish companies. These processes do
not contribute to recovery of valuable products in whey. These methods are used
to remove some part of the water in whey to diminish the volume and to
enhance the keeping quality. Anaerobic treatment is another process employed
for organics removal from whey. This process is preferred instead of
conventional aerobic wastewater treatment since cheese whey has a very high
organics content (60-80 g COD/L) and may impair biomass granulation during
biological treatment. This would in turn result in biomass wash-out [5]. Further
purification of whey can be achieved via ion exchange, affinity chromatography
and selective precipitation. Recent developments in membrane filtration have
provided exciting new opportunities for large-scale whey treatment to produce
cleaner discharge as well as protein and lactose fractionation [6,7].

Type and Forms of Whey. The traditional whey is produced as a result of
processes aimed at recovering casein, the principal protein of milk. Separation
of casein from the rest of the milk (as in cheese making or production of
industrial casein and caseinates) is usually accomplished by acidification to pH
4.5-4.8 or through the action of rennet, a casein-coagulating enzyme preparation.
In acid coagulation, the pH is lowered either by microbial fermentation of the
milk sugar lactose into lactic acid or by direct addition of a mineral (phosphoric,
hydrochloric, sulfuric, etc.) or an organic (lactic, citric) acids. The fermentation
route is most often used in the production of fresh cheeses, while the direct
acidification is typical for production of industrial casein and caseinate products;
in both cases, the resulting why is referred to as acid whey. In contrast, sweet
wheys are obtained in manufacture of most hard and semihard cheeses for which
the rennet coagulation principle is employed, as well as in production of
industrial rennet casein. Since enzymatic clotting of milk by rennet occurs at pH
6.0 or higher, the lactic acid content of freshly obtained sweet whey is very low
but may increase quickly if subsequent bacterial fermentation is not controlled
by rapid pasteurization and/or by deep cooling [8,9].

Whey Composition. Whey is a fairly dilute product with a total solids of about
6.5%. As mentioned before the solids are basically lactose, whey protein, ash,
lactic acid and fat (Table 1).
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Table 1. Whey Composition

Constituent Sweet Whey | Acid Whey
(%) (%)
Water 93-94 94-95
Dry matter 6-6.5 5-6
Lactose 4.5-5 3.8-4.3
Lactic acid Traces Up to 0.8
Total protein 0.8-1 0.8-1
Whey protein 0.6-0.65 0.6-0.65
Citric acid 0.1 0.1
Minerals 0.5-0,7 0.5-0.7
pH 6.4-6.2 5-4.6

*Source: www.dairyforall.com

Possibilities of Whey Utilization. The whey can be considered a valuable by-
product with several applications in the food and pharmaceutical industries.

From a valorization point of view, two different options in cheese whey (CW)
management can be considered: the first one is based on the application of
technologies to recover valuable compounds such as proteins and lactose.
Currently, valorization processes applied to CW constitute the preferential
option to treat this by-product, only exceeded by the production of powdered
CW. The second option relies on the application of fermentation processes to
obtain value added products such as: organic acids (e.g. lactic, succinic and
propionic), single cell proteins and oils, biopolymers (enzymes,
polyhydroxyalkanoates, exopolysaccharides) and bacteriocins. Sometimes whey
permeate, obtained from ultrafiltration (UF) step, has been used as fermentation
medium; in this case, both management options are applied.

The UF process produces a whey permeate rich in lactose (about 80% of the
original lactose in milk) and nanofiltration (NF) or reverse osmosis (RO)
processes can be applied for concentration of the lactose which can be applied in
the sweet industry or in pharmaceutical fermentation procedures.

In addition to lactose, whey permeate containing other nutrients essential for
microbial growth; so the possibility to use it as a fermentation medium to obtain
high value products represents an interesting opportunity which must not be
neglected. Moreover, whey permeate is an attractive source of oligosaccharides
for potential application in human nutrition [10].

Among the different possibility of whey valorization, reported in Figure 1,
individual whey protein purification and application of fermentation technology
on whey permeate could be also considered [11].
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Fig. 1. Scheme of Current Possibility of Whey Valorization [11].

Industrial Processing of Whey. Processing of cheese whey was the first
successful commercial application with several research initiatives underway to
find uses of whey-waste. Since whey disposal is costly and problematic for
cheese manufacturers; the focus is on techniques to convert this waste product
into valuable functional components [12].

Whey processing is one of the most successful industrial membrane
applications. For reasons of simplicity, urgency and the economics of disposal
problem solution, UF of whey was the first application of membrane
fractionation to reach a full commercial scale. The membranes used should be
high yielding, resistant to physical, chemical and microbiological agents,
unaffected by cleaning and disinfection materials [4,12]. Figure 2 shows a
general scheme of possible membrane applications in whey treatment [13].

Applications of membranes in whey processing include a) concentration of
whey 3 folds (24%) with RO and NF prior to evaporation and drying, b)
manufacture of whey protein isolate (WPI) (90%), ¢) production of whey
protein concentrate (WPC) (35-80% protein), d) converting the lactose to
higher-value products by fermentation (e.g., ethanol or lactic acid) or by enzyme
hydrolysis in continuous membrane reactors, e) fractionation of whey to value-
added nutraceuticals, f) Microfiltration (MF) of whey as a pre-treatment for UF,
and g) concentration and demineralization of whey and UF permeate with NF
[10,13].
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Fig.2. Membrane Applications Used in Whey Processing [13]

Conclusions. Whey is a very interesting by-product due to its components.
Their properties, functions and chemistry structure make whey a great base for
the creation of a series of new products or an ideal alternative compound to
more traditional ones.

Membrane technologies have been commercially integrated in dairy industry
and recently the new applications exist for extending their uses. Challenging
developments in membrane processes should focus on efficient fractionation of
minor whey components with desired biological and nutraceutical properties.
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Pe3tome. CupoBaTka siBisie COO0I0 PIIKHUI MOOIYHUHN TTPOYKT, IKUH YTBOPIOETHCS TIPH
BUPOOHULTBI CHUPY. Y CHPOBATIl MICTUTHCS OLIbIIE TMTOJIOBUHH TBEPAUX PEUOBHH, SIKi
€ HassBHUMH Y BUX1THOMY HE30MPaHOMY MOJIOII, 30KpeMa OIKH MOJIOYHOI CHPOBAaTKH
(20% Bixg 3arampHOrO OinMKa), OlNbIIa YAaCTUHA JAKTO3W, MiHEpPAJIbHI PEUYOBHHH,
BOJIOPO3YMHHI BiTaMiHM Ta MiHepand. B ocTtaHHI pokw, cupoBaTka Oyjia BH3HaHA
OCHOBHUM JDKEPENIOM TOXKMBHUX PEYOBHUH Ta (DYHKLIOHAIBHUX IHTPEIIEHTIB cepen
BiIXO/IB Xap4oBOi MpoMucioBocTi. KomepmiifHi TpPOAYKTH, SKi BHPOOIAIOTH 13
CUPOBATKU, — KOHIICHTPATH Ta 130J5TH OUIKIB, a TaKOX (PpaKIiOHOBaHi OLIKH, TaKi SK
O-TTAKTaBOYMiH 1 [-JIaKTOTI00YIiH. [TigBumennii iHTEpec 10 MOALTY 1
(pakiioOHyBaHHS  CHPOBATKOBHX  OUIKIB  3YMOBJICHMW  BIIMIHHOCTSMH  1X
(YyHKIIOHAJIBHUX, O10JI0TTYHUX Ta MOXUBHHUX BIACTUBOCTEH. 3 L€l NIPUYMHU, METOIO
naHoi poOOTH €, TmepemyciMm, cucTemaTH3allis Bciei HeoOXximaHoi iHdopmarii oo
CUPOBATKH, ii CKJIa/ly, BIaCTUBOCTEH Ta MOTEHIIaTbHUX MOKIIUBOCTEH BUKOPUCTAHHS,
a TaKOXX OTJISIJT 3aTajIbHUX METO/IIB IEPEePOOKH CHPOBATKH.

Kniouosi cnosa: cuposamka, mun cupogamxu, CKiao CUposamKu, peeaiopu3ayis, nepepooxa

MOJIOYHOI CUPOBAMKLL.
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INTERACTIONS IN THE SYSTEM AIR - WATER - NATURAL
ALUMOSILICATES AND TECHNOLOGY FOR THE
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Abstract. Mechanochemical origin of H,O, formation in natural water basins due
to interactions between water structures, air and minerals under dynamic
conditions is discussed. Obtained results are proposed for design of the technology
of water remediation using minerals with pre-assigned properties.

Keywords: water, air, mineral, hydrogen peroxide, remediation

Introduction. Acceleration of self-remediation in natural water basins is aimed
on pre-purification of water for its further utilization. Total water pollution
stipulates the need to find competitive methods of water remediation in open basins.
To realize these approaches it is necessary to study the mechanism of self-
remediation of waters.

A common scheme of water remediation in natural basins is shown below. The
scheme involves interaction of active oxygen forms with abiotic sources, such as
minerals containing “life” redox- couples, biota and sunlight.

Abiotic sources Biotic
of H,O, in water

L he

Non-radical process of j DH, | — By-process
H,0O, destruction / of the
e seidaRiGh

Fe(IL, III), Cu(l, II).
Mn(IL III, IV)

Radical process of
Self-cleaning

| HO® [

Fig.1. Common Scheme of Water Remediation in Natural Basins

The main oxidant in these processes is hydrogen peroxide, H,O,. This substance
strongly affects lifetimes of many biogenic and anthropogenic trace pollutants.
Hydrogen peroxide is produced in natural water, very low concentrations of this
compound is found there [1, 2]. The highest H,O, concentration is detected in rain
waters, it reaches 5x10° M [2, 3]. Main amount of H,O, is concentrated in ocean
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water. The concentration varies from 10 M near the coast and up to 5x10”7 M in
coastal areas [3-5]. “Healthy” water basin needs ~10°® M H,0,. Atmospheric
processes are considered to be the main source of H,O,. Appearance of H,0, in
athnospheric condensation is explained as a result of photolysis of water vapor
according to Fenton mechanism under the influence of short-wave radiation [6].

This approach has lots of contradictions. Self- remediation of water basin is the
most efficient in winter (lack of light) and slows down at high temperatures.
Fenton’s mechanism is offered for atmospheric redox reactions, it is realized under
conditions of far ultraviolet (UV). Analysis of radical equilibriums (1-5) [7] shows
decomposition of all water on the Earth. Really, the concentration of radicals in
natural water is 107°-10>> M [8].

Fe*" + «OH — Fe’" + OH- (1)
E, (¢OH/OH-)=2.0V )
H202+.OH - HOz. +H20 (3)
Eo(HO,o/H,0,) = 1.44 V 4)
2H,0 52H,+0, E,=123V (5)

Thus, UV-radiation plays only minor role in remediation of natural waters.

Other mechanism of remediation is mechanochemical decomposition of liquid
water, which is assumed to be a dynamical polymer system. In other words,
complex heterogeneous structure is characteristic for liquid water. This system is
unstable under the influence of strain and stress vibrations.

Here, similarly to photolysis, the appearance of H,O, in water is due to radical
dissociation of water. In general, the mechanochemical transformations of water
may be arranged [9] in the form of:

(#,0),(H,0 H ~ [-0H #H,0), =~ (H0) s y(H')+(OH ) (H;0),,  (6)

Nowadays water is considered as a multiphase system [10]. Cluster structure of
water is discussed now: it can be formed on supramolecular level [11] or as a result
of bubble formation [12], Dynamic methods of water purification (so called
"microbubble technologies") become more and more popular, since they are easy
and free from chemical reagents. The aim of the work is quantitative determination
of H,0, concentration in the dynamic systems of water — air — mineral,
establishment of the mechanisms of H,0O, generation in vivo in water, electrolyte
solutions and minerals (solids are in a form of suspensions and coarse particles).
These are necessary for further improvement of dynamic technologies for
purification of water and self- remediation of natural water basins.

Experimental. Following liquids were used: pure water, 0.01 M Na,SO, (hard
water in the west of Ukraine) and modeling marine water. The modeling solution
was prepared using dry marine salt, which was dissolved in distilled water. The salt
content was 1.25, 2.50 or 3.75 mass %, respectively, it corresponds to water
composition for the different Mediterranean areas. Mineral suspensions containing
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0.1 - 0.5% of bentonite clays (Dashukovka deposit, Ukraine) were used, a particle
size was less than 0.05 mm. River sand (Dnipro, 99.8% Si0,) was also applied to
investigations. Dynamic conditions were provided by stirring and fluidization [13].
A flow rate of the electrolyte or suspension through the measuring cell was =6 cm/s
providing turbulent flow conditions.

The red-ox potential Eh was controlled with an ORP-200 portable Red-ox-
meter HM Digital Inc. Experimental technique of cyclic voltammetry (CVA) and
electrochemical impedance spectroscopy (EIS) was used for studies of red-ox
properties of waters and slurries. The cyclic voltammograms were registered in a
cell containing composite probe described elsewhere [14]. The sweep rate was 10
mV/s in the range of 1.8-0.5 V. The flow rate along the indicator spherical
electrode was 1,28 x107 m/s. These hydrodynamical conditions provided turbulent
flow through the sphere. Electrochemical impedance spectra (EIS) were measured
using a two-electrode cell. An area of each platinum electrode was 1 cm’, a
distance between them was 1 cm. The measurements were carried out using an
Autolab 30 electrochemical module (PGSTAT302N Metrohm Autolab) equipped
with an FRA (Frequency Response Analyzer) assembly unit. The EIS were
obtained within the frequency range from 107 to 10° Hz. The module was
controlled by Autolab 4.9 according to the standard procedure with post-processing
using Zview 2.1 program. Electrochemical phenomena were simulated by the
equivalent circuit method.

The measurements were carried out in the temperature range of 16 - 36" C.

Results and discussion. Systematic voltammetric studies have shown that the
wave of formation is observed in the anodic area [14-17]. This corresponds to the
electrochemical reaction:

H,0, - 2e = O,+2H" (7)

Its value depends on flow velocity and the presence of minerals both in form of
slurries and particulate beds. Concentrations of H,O, were calculated from the
value of this reproducible wave (Table 1). Table 1 show that under dynamic
conditions the maximum conversion of oxygen dissolved in the water to its active
form, from 10 to 13% is achieved in saline waters and in the presence of
suspensions of alumosilicates. Its conversion in stagnant water is only 0.001%, and
in moving water - about 0.01%. To explain obtained results, let’s consider the
structure of different waters as electrolytes.

The EIS data for pure and saline water are represented at Figs 2. Obviously both
pure and saline water (mixture of inorganic electrolytes) have heterogeneous
structure in contrary to well organized 1:1 electrolyte, such as KCl (curve 4, fig.
1,b). The mechanisms of H,O, generation in clusters are quite different. Regarding
weakly saline water, dissolved oxygen molecule forms a cluster containing 22+26
molecules of H,O over it. Mechanical disturbance of such cluster yields H,O,:
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Table 1. H,0O, Content in Different Water Systems under Dynamic Conditions

System [H,0,], M
Water, stirring 1.7x10°
0.01 M Na,SO,, static (potable water) ~10%
0.01 M Na,SO, stirring ~8x107
0.1% Bentonite C4T2k, 0,01 M Na,SOj stirring 1,7x107
0.5% Bentonite C4T2k (H" form), 0.01 M Na,SOj stirring 5.5x107
Marine water, 1.25% 1.2x107
Marine water, 2.50% 1.5x107
Marine water, 3.75% 1.7x107°
Marine water, 1.25%, fluidized bed 2.3x107°
Marine water, 2.50%, fluidized bed 2.5x107
Marine water, 3.75%, fluidized bed 4.1x10°
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Fig. 2. EIS Spectra as Nyquist Plots and Equivalent Circuits for Electrolyte Solutions
Simulating: a — Water after Reverse Osmosis,; b - Marine Water of Concentration (%) I -
1.25;2-2.5;3-3.75,4-0.1 MKCI, t=20"C

In marine water, dissolved gases form microbubbles ( =1 um) [12]. Hydrogen
peroxide 1s generated at multiple interfaces providing enhancement of
mechanochemical reaction. In suspensions, dissolved oxygen is adsorbed on
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multiple interfaces of mineral particles forming multiple double electric layers [15].
Generation of H,O, takes place in the sum of DLs.

Catalytic activity can be realized, when proton and electron are present
simultaneously at the reactive site. Structure of minerals based on natural
aluminosilicates involves ion channels, where transport of proton or electron is
realized [18]. Clay minerals contain these channels, which also could be modified
chemically. In addition, usually the measured redox potential (Eh = 0.6-0.8 V) in
prevalent majority of natural waters. It coincides with redox potentials of H,O, and
minerals containing redox couples of Fe, Cu, Mn (Table 2).

Table 2. Electrochemical Potentials of Some Minerals in Water

Equilibrium EyV Processes or components
Oy + 2H" +2e(solv.) — H,0, (aq) 0.6824 Hydrogen peroxide formation
2H,0-4e— 0,(g)+4H" 1.229 Oxygen evolution (acid or

E,=1.229-0.059 pH neutral media)

Fe,0; +6H' + 2e = 2Fe*" +3H,0 0,74 Mineral slurries
Fe’" +1,50, — 3¢ = FeO 0,82 Mineral slurries
Fe,0; + 2H" + 2e = 2Fe;04 + H,0 0,58 Mineral slurries
2Cu0 - 2H" + 2e = Cu,0 + H,0 0,669 Mineral slurries
CuO + H,O + e = Cu(OH) , <0,8 Mineral slurries
2MnO, + 2H" + 2 e = Mn,0; + H,0 0,98 Mineral slurries

So, such ions as Fe, Cu, Mn in the structure of chemically modified clay
enhance mechanochemical generation of H,O,.

Conclusions. Obtained results allow one to develop the technology for
acceleration of self- remediation in natural water basins/ This technology should
involve clay minerals with pre-assigned properties.
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Pezrome. O62060proemucs npupooa MexanoxXimiyHoi eenepayii nepoxcudy 600HIO )

NPUPOOHUX 800aX, 3YMOGIEHA B3AEMOOICIO CMPYKMYpU 600U 3 NOGIMPAM ma

yacmkamu  MmiHepanie 6  OunamiuHux ymoeax. Ompumani  pe3yrbmamu

NPONOHYIOMbCAL 015l PO3POOKU MEXHONO02I CaMOBIOHOBNEHHS NPUPOOHUX B0OOLLM.
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Abstract. The immobilization methods of nanoparticles of magnetite and tin oxide on
membrane surface have been developed for improving the stability of polysulfone
membrane to fouling. SnO, nanoparticles were deposited on the membrane by the
method of "layer-by-layer" with using polyelectrolyte complexes of polyethyleneimine
and carboxymethyl cellulose to provide them photocatalytic properties. FezOq4
nanoparticles were covalently immobilized on the membrane using polyethyleneimine
as a polymer spacer. It has been shown that the resulting nanocomposite membranes
were characterized by improved transport properties in the ultrafiltration of protein
solutions. Membrane resistance to fouling increased by reducing the effect of
concentration polarization and increasing mass transfer coefficient.

Keywords: nanocomposite membrane, membrane fouling, membrane modification.

Introduction. Surface modification is an effective approach to obtain fouling-
resistant membranes [1-5]. Numerous modification methods have been adopted
to improve the antifouling properties of polymer membranes [2-3]. Hydrophilic
moieties can be introduced on the membrane surface through covalent bonding
via grafting or through physical interaction via coating [2]. The grafting method
requires caustic chemical treatment or special equipment, which decreases the
ease of membrane preparation. In the coating method, the stability of the coated
hydrophilic layer on the membrane surface depends strongly on the physical
affinity of the coating material with the membrane surface. The coated layer can
easily be detached from the membrane surface by changes in the solution pH or
by the application of back flushing during the filtration process [3-4]. Blending
modification also can avoid the difficulties and short comings mentioned above
and provide the ease of one-step modification.

In this work two different approaches were applied to modified polysulfone
membrane with improved antifouling resistance. Firstly, photocatalytic
membranes were developed by immobilization of SnO, nanoparticles (NP) on
the polyethersulfone ultrafiltration membranes with “layer-by-layer” (LbL)
technic. LbL assembly exploits the surface charge of polyelectrolytes to adhere
suspended catalytic nanoparticles to a surface. This process includes two steps:
1) applying polyelectrolytes (PE) on the surface, and then ii) exposing the
polyelectrolyte-modified surface to a nanoparticle suspension to enable particle
adhesion to the polyelectrolyte-coated surface. We have investigated the effect
of SnO, nanocomposites on membrane performance, morphology, and
antifouling properties during milk filtration without UV irradiation applying.
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And secondly radically new method of suppressing fouling during ultrafiltration
was developed by grafting a magnetically responsive nanolayer, consisting of
hydrophilic polyelectrolyte chains grown from the surface of a thin film
composite membrane. The magnetic nanoparticles were attached to the chain
ends. In an oscillating magnetic field the chains oscillate. Movement of the
magnetically responsive nanobrushes leads to mixing at low Reynolds number at
the membrane surface and reduces concentration polarization effect [5].

Experimental. Membrane modification by “layer-by-layer” method. For
membrane modification polyelectrolyte solutions were alternately deposited on
the membranes for 15 min each with a water rinse between layers. Sodium
polystyrene sulfonate (0.02 mol-L™") was used as the first layer because it
adsorbs well to polysulfone surface by hydrophobic interactions. Next layers
were assembled of PEI (MW 750 kDa) as a positively charged polyelectrolyte
and carboxymethyl cellulose (CMC) as negatively charged ones. They adsorbed
to the previous layer via electrostatic interactions and van der Waals forces. The
sonicated SnO, nanoparticles were used as the top layer, because they had
negative charge at pH 6.5 and adsorbed to PEI layer, thus resulting in 3.5 layers.

Membrane modification by magnetite nanoparticles. In the first step of the
modification sequence, PES membrane disc were modified by reacting terminal
hydroxyl groups with diepoxide EGDGE. The samples were placed into 50 mL
of a 0.3 M EGDGE solution in the isopropanol-water azeotrope. After 15 min of
incubation (wetting the pore surfaces) the reaction was catalyzed with 50 L of
1 M KOH solution. The samples were incubated at room temperature for 15 h
and then washed five times with deionized water. In the second step the
epoxidized PES membranes were modified by polyethyleneimine as a
nucleophilic reagent. Membranes were incubated in 0.5 % water solution of PEI
for 1 h at room temperature. Nanoparticles were attached to the membrane
surface by reacting carboxyl groups on the nanoparticle surface to the primary
amine at the PEI chain via an amide linkage. Carbodiimide activated amide
formation was used. 10 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
was added to 10 mL of water and pour into a plastic jar containing a membrane
disk for 10 min. Next, 5 mL of carboxyl shell Fe;04 nanoparticles (4 g/L) were
added and incubated in the dark for 4 h. Then, the membrane was removed,
washed in water for 15 h.

Filtration studies. A dead-end stirred cell (Amicon-8050, MA) with a total
cell volume of 50 ml and effective membrane area of 13.4 cm® was used for
filtration experiments. The permeation flux of the membranes was determined
by the volume of the permeate during a certain period of time. BSA water
solutions with concentration from 0.1 to 5 % were used to study transport
properties.

Results and discussion. Ultrafiltration experiments of BSA solutions at
different concentrations have been carried out to determine the mass transfer

coefficient for unmodified pristine membrane and membrane with immobilized
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nanoparticles. Fig. 1 shows the mass transfer coefficient for membrane with
immobilized magnetic nanoparticles is 12.3-10° m/s, which is a 1.64 times
higher than for control membrane without nanoparticles. Mass transfer
coefficient is the ratio of solute diffusion coefficient in our case to the BSA
diffusion to bounding layer thickness. Since the diffusion coefficient under these
conditions does not change, it is obvious that increase of the mass transfer
coefficient occurs by reducing the thickness of the diffusion layer, which in turn
depends on the criterion of turbulence Reynolds. And, therefore, the movement
of magnetic nanoparticles in membranous layer creates additional turbulence,
which reduces concentration polarization.
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Fig. 1. Determination of mass transfer coefficient by linearization of the
concentration polarization equation for control membranes (®) and the membranes
with immobilized magnetic NP (m).

The permeate fluxes vs. applied pressure data obtained in the ultrafiltration
experiments are shown in Fig. 2.
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Fig. 2. Permeate flux through (A) unmodified membrane, and (B) membrane with
immobilized SnO;,nanoparticles as function of the applied pressure and different BSA
concentrations.

For unmodified polysulfone membrane the permeate fluxes vs. applied

pressure have well-known shapes. Permeate flux does not increases and the
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maximum flux is achieved at pressure equal to ca. 200 kPa (Fig. 2A) due to the
formation of a concentration polarization boundary layer. Additionally, the
maximum permeate flux decreases with an increase of bulk BSA concentration.

It is interesting, that for membranes with the immobilized SnO, NP the flux
dependencies on applied pressure have different shape than for the unmodified
membrane (Fig. 2B). It can be observed that membrane flux increased almost
linearly with increasing pressure. It can be also noticed that for membrane with
immobilized NP, the maximum permeate flux J,, is not achieved and does not
depend on BSA concentration. It can be concluded, that the immobilization NP
on the membrane surface reduces the concentration polarization effect due to
photocatalytic reaction on the membrane surface.
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Pe3ztome. 3 memoro nokpaweHHs CMIUKOCMI NONICYIbGOHOBUX MeMOpaH 00
300pyOHeHHsT  po3pobaeHi memoou iMMoOINi3ayii HAHOYACMUHOK — OKCUOY
cmaHymy ma machemumy Ha ix nosepxui. Hanouacmunxu SnQO, nanocunu ua
memopany memooom ‘“‘layer-by-layer” 3 eukopucmanuam noyieieKmpoiimuozo
KOMNJIeKCY — NOJIemUuileHiMiH-KapOOKCUMemunyentono3a Osl  HAOAHHA — im
Gpomoxkamanimuunux  eracmusocmeu.  Hanouacmunku  Fe;O;  6ynu
IMMOOINI308aHl HA MeMOPAaHi KOBANIEHMHO 3d OO0NOMO20I0 NOJIMEPHO20
cneticepy noniemuneHiminy. Illoxazano, wo ompumauwi  HAHOKOMNO3UMHI
MemMOpaHu Xapaxmepuzyomucsi NOKpawjeHuMuU MPAHCHOPMHUMU
eracmusocmamu y npoyeci yrompaghinempayii 6inxie. Cmitikicme memopan 00
3a0pyOHeH s 30i1bULYEMBCS 34 PAXYHOK 3MEHUEHHS eheKmy KOHYEeHMPAayiuHoi
noaapusayii ma 3pOCMaHHs Koe@iyieHmy mMaconeperocy.
Kniwowuosi cnosa: Hamoxomnosumui — memoOpauu,  MOOUQIKY8aHHs  MeMOpaH,

3a0pyOHeH s MeMOPaH.
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Abstract. In this study, treatment of ground water used in a fruit juice company
located in Izmir city by integrated nanofiltration (NF), electrodialysis (ED) and
electrodeionization (EDI) methods was studied. For this purpose, the ground water
obtained from the plant was treated by using two different NF membranes (NF-90 and
NF-270). The brine from both NF membranes was fed to ED stack. The ED diluate
was further treated by EDI process for ultrapure water production.

Keywords: Concentrate management, food industry, nanofiltration, electrodialysis,
electrodeionization, water reuse

Introduction. Water is generally used in food and beverage productions as
direct ingredient during food production and/or cleaning. Moreover, food
production and processing require large amounts of water at varying qualities.
When it comes to direct ingredient, the quality of water has a significant impact
on the quality and taste of food products [1].

Because of a wide gap between clean water sources and water demand, water
reuse becomes a prevailing issue. The reuse of water means to valorize
wastewater by increasing water supplies. Water reuse in food production will be
more important by time due to increasing population [2, 3].

Generally, the water used in food industries is obtained from ground water
treated by membrane filtration systems. However, membrane filtration systems
produce two different streams with different water quality streams: Permeate
which is clean water and concentrate (brine) that contains high level of
pollutants. While permeate is used as clean water, concentrate is not even
suitable to be discharged to surface water bodies [4]. Therefore, a further
treatment step for concentrate management is needed [5].

In this study, application of electromembrane processes such as ED and EDI
for post-treatment of NF brine of ground water was studied.

Experimental. After pre-filtration, ground water from a fruit juice plant was
passed through a lab-scale cross-flow flat sheet membrane test system (SEPA

CF II GE-Osmonics) by using NF membranes (Dow FilmTech NF-90 and NF-
270) The flow sheet of membrane filtration system and the membrane

68



Environmental Protection: from Sorbents to Membranes

characteristics were shown in Figure 1 and Table 1, respectively. Operation
pressure was kept constant at 10 bar and the concentrate effluent was collected
as ED process feed. Figure 2 and Table 2 show Tokuyama TS-1-10 model ED
system and the membranes characteristics, respectively. During ED process, a
10 V of electrical potential was applied for NF brines. According to EDI feed
water requirements, feed water conductivity should not be greater than 50
uS/cm, so ED process was run until the diluate compartment conductivity
reached the required limit. In the following part of this work, EDI was applied at
10 V using the diluate of ED process with around 50 ps/cm of electrical
conductivity. EDI flow sheet and resin characteristics were shown in Figure 3

and Table 3, respectively.

1
| —————

1.High pressure pump

10

2.Pressure gauge
3.Flat sheet membrane unit
4.Feed tank (20 L.)

S.Drain valve

6.Feed inlet

7.High pressure pump
8.Concentrate valve
9.Concentrate

10.Permeate

Fig. 1. Flow Sheet of Lab-scale Cross-flow Flat Sheet Membrane Test System

Table 1: Characteristic of NF Membranes

Membrane NF-90 NF-270
Manufacturer Dow FilmTech Dow FilmTech
Membrane Type Polyamide thin film | Polyamide thin film
composite composite
Maximum Operating Pressure (bar) 41 41
Maximum Temperature (°C) 45 45
Operating pH Range 3.0-10.0 3.0-10.0
Minimum NaCl rejection (%) 85< 97<
MWCO (Dalton) 200 400
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1. Power supply

2. Membrane stack
2a, Cathode electrode
2b. Anion and cation
exchange membrane

2c¢c. Anode electrode
3. Concentrate tank

4. Electrorinse tank

5. Dilute tank

>3 P. Solution pumps

7. Flowmeters

6

>

Fig. 2. Tokuyama TS-1-10 Model Electrodialysis (ED) System

Table 2. Properties of lon Exchange Membranes Used in ED System

Membrane NEOSEPTA CMX NEOSEPTA AMX
Strongly acidic cation | Strongly basic anion
Type
permeable permeable
Characteristics High mechanical | High mechanical
strength (Na-form) strength (Cl-form)
Electric Resistance (Q -cm®) [ 2.0-3.5 2.0-3.5
Burst Strength (kgf/cm?) 3.5-6.0 4.5-5.5
Thickness (mm) 0.16 - 0.20 0.14 - 0.18

Demineralization of
whey, purification of
organics, concentration

Demineralization of
whey, purification of

Application of inorganics, . :
) . organics, concentration
demineralization of ; :
N of inorganics
sucrose, desalination of
ground water
Table 3. Properties of lon Exchange Resins Used in EDI System
Lewatit® UltraPure Lewatit® UltraPure
1213 MD 1243 MD
Ionic form as shipped H' OH"

Functional group

Sulfonic acid

Quaternary amine, type |

Matrix Crosslinked polystyrene Crosslinked polystyrene
Structure Gel type beads Gel type beads
Appearance Brown, translucent Light brown, translucent
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1 Cathode electrode

4 Anion Exchange
2 Cation Exchange = Powersupply 4 g

Membrane

Membrane —-'l B8 B B . 5 Anode Electrode
3 Resin e
= &

sz'Lu—T | B L ¢
Ui Ula sl U

Electrode solution Sample solution Electrode solution

Fig.3. Flow Scheme of Single Cell Electrodeionization (EDI) System

Results and discussion. In this study, lab-scale cross-flow flat sheet
membrane test system was used for collecting NF brine from ground water. The
NF tests were performed at 10 bar and the collected brine streams are fed to ED
system. In the second part of study, ED tests were carried out with brines of NF-
90 and NF-270 membranes. According to the obtained results, the conductivity
removals were 93% and 89% for the brines of NF-90 and NF-270 membranes,
respectively in 30 min when 10 V of electrical potential was employed for ED
tests (Figure 4).

In the next step of the work, EDI process was applied at 10 V using diluates
of ED process with around 50 ps/cm of electrical conductivity. A 95% of
conductivity rejection was obtained for ED diluate of NF-90 membrane brine in
75 min. The respective value was 78% in 105 min for ED diluate of NF-270
membrane (Figure 5).

1000 -
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -
0 T T T T T T T T T T T )
0 4 8 12 16 20 24 28 32 36 40 44

Time (min.)

==@==NF-90 Brine =fll=NF-270 Brine

conductivity (uS/cm)

Fig. 4. Conductivity Changes of NF Brines during ED Process
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Fig. 3. Conductivity Changes of ED Diluates of NF Membranes Brines
during EDI Process

The properties of feed, diluate and concentrate of each processes for both
membranes are summarized in Tables 5 and 6.

Conclusions. The application of an integrated process based on ED and EDI
processes for management of NF brines of ground water is a good strategy to
decrease the amount of discharged part of water. It is possible to obtain a boiler
feed water when EDI process is integrated with ED process by improving the
product water quality.

Table 4: Characteristics of Water at Various Steps of Treatment of NF-90 Membrane

Brine
NF ED EDI
Parameters | Unit iﬁgg;d Brine | Concentrate | Diluate | Feed | Product
pH - 7.62 8.48 7.88 4.16 8.37 |6.78
Conductivity | uS/cm | 771 791 1222 36.5 36.00 | 1.65
TDS mg/L | 377 387 606 17.6 16.92 [ 0.78
Salinity %o 0.38 0.39 0.61 0.02 0.02 |0.00
Table 5: Characteristics of Water at Various Steps of Treatment of NF-270 Membrane
Brine
NF ED EDI
Parameters Unit %Zg;d Brine | Concentrate | Dilute | Feed | Product
pH - 7.82 7.89 7.44 8.09 8.31 5.54
Conductivity | uS/cm | 873 888 1315 71.7 42.00 |8.87
TDS mg/L | 428 436 653 33.7 19.74 | 4.17
Salinity %o 0.43 0.44 0.66 0.03 0.02 0.00
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Pe3stome. VY maniii po0OOTI HOCHIIKYBald OYHIIEHHS TPYHTOBUX BOMA, SKi
BUKOPHUCTOBYIOTBCS HiANPUEMCTBOM 3 BHPOOHHUITBA (PPYKTOBUX COKiB, IO
po3ramoBaHo y Micti [3mip. BuBuanm inTerpoBani mMeroau HaHodinbTpamii (HD),
enektpomianizy (E/]) ta enexrpoaeionizamii (EJI). I3 miero meToro, TpyHTOBI BOAM,
OTPUMaHI 13 MIAMPUEMCTBA, OOPOOJISIN 3 BUKOPUCTAHHIM ABOX pizHMX HD mMemOpan
(NF-90 1 NF-270). Po3con 3 o6ox memOpan NF momaBanmu no EJl ycranoBku. VY
MoJajIbIIOMy, JJi OTPUMaHHS BHCOKOYHMCTOI Boau, oummieHHs EJ[ niamizaty
3aiicHIOBaIM 3a Jonomororo EJII.

KualouoBi cioBa: Oesnepepsna nepepobka, xapuosa npomuciogicms, Hano@pitempayis,

eneKmpo0ianis, el1ekmpooeioHi3ayis, NOBMOpHe GUKOPUCTNAHHS 80OU.
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Abstract. Organic-inorganic composites based on ion exchange resins
containing zirconium hydrophosphate (cation-exchanger) and hydrated
zirconium dioxide (anion-exchanger) were applied to removal of soluble U(VI)
compounds from modeling solutions. The advantages of the composites over the
pristine resins are more significant sorption capacity, higher sorption rate and
more facile regeneration.

Keywords: organic-inorganic ion-exchangers, zirconium hydrophosphate, hydrated
zirconium dioxide, uranyl ions, waste water treatment.

Introduction. Purification of liquid wastes after processing of poor uranium-
containing ores [1] is an actual ecological problem (maximal allowable
concentration of soluble uranium compounds in waste waters is 0.015 — 0.6 mg
dm™ [2, 3]). Sorption is the most widespread method for removal of these highly
toxic impurities from diluted aqueous solutions, the development of new
effective sorbents is in a focus of attention. In addition to sorbents investigated
earlier [4-6], organic-inorganic ion-exchangers are rather prospective [7]. These
materials are characterized by higher sorption rate than the inorganic materials,
moreover, they are more selective than ion exchange resins. The aim of the
research is to estimate a possibility to use organic-inorganic cation- and anion-
exchangers for removal of uranium (VI) compounds from modeling solutions of
different composition.

Experimental. Aqueous solutions of uranium (VI) acetate were used
(2.0-10” mol dm™). Additionally the solutions contained acid or salt (0.02 M
H,SO,4 or HC1 or NaHCOs). These reagents are used for treatment of uranium-
containing minerals. Under these experimental conditions, uranium was in a

form of cations in the chloride solution (98.3% of UO,” and 1.6% of [UO,CI]",)

[8]. The sulfate solution contained anionic and neutral complexes, such as

[UO,(SO,)] (46.3%) and [UO,(SO,),T" (6.5%) and also UO,” cations (46.3%).

There were [UO,(CO;),]>” (87%) and [UO,(CO;);1* (13%) in the carbonate

solution. The modeling solutions were also used (g dm™): I — U(VI) (0.05),
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FeCl; (0.25), HCI (0.73) (modeling waste waters of monazite processing), II —
U(VI) (0.007), CI' (0.14), NaHCOs (0.46), Ca® (0.01), Mg** (0.07), SO4~ (0.04)
(modeling carbonate mine waters), Il — U(VI) (0.1), Ca®" (0.5), Mg*" (0.5), Fe’
(0.5), A’ (2), SO4* (15) (modeling technological solutions that are formed
during the autopsy of poor uranium ores).

Dowex HCR-S cation exchange resin (CR) and EDE-10P anion exchange
resin (AR) were applied to the investigations. Organic-inorganic sorbents, which
had been obtained by modification of these resins with nanopartilces of
zirconium hydrophosphate (CR-ZHP) or hydrated zirconium dioxide (AR-HZD),
were also used. The synthesis conditions are given in Table 1.

Table 1. Modification Conditions and Sorption of U(VI) Compounds from Sulfate,
Chloride and Carbonate Solutions (Sorbent Dosage Was 2 g dm™)

Sorbent | RCABMSION g 00|y min | gumin | kx10% s
Chloride solution
CR - 99.5+0.5 44 120 3.00
CR-ZHP-1 0.1 M ZrOCl, 99.5+0.5 15 80 9.67
1 M H;PO,
CR-ZHP-2 1 M ZrOCl, 99.5+0.5 16 100 5.17
1 M H;PO,
Carbonate solution
AR - 99.5+0.5 25 300 2.35
AR-HZD-1 0.1 M ZrOCl, 99.5+0.5 40 390 2.00
1 M NH,OH
AR-HZD-2 1 M ZrOCl,, 99.5+0.5 20 300 2.52
1 M NH,OH
Sulfate solution
AR - 70.0+0.5 70 210 1.22
AR-HZD-1 0.1 M ZrOCl, 65.5+0.5 140 300 6.17
1 M NH,OH
AR-HZD-2 1 M ZrOCl,, 70.5+0.5 60 240 8.50
1 M NH,OH

Sorption experiments were performed under static conditions with
continuous shaking at 20+2°C during 15-1800 min. The sorbent dosage was 2—
10 g dm™. The solutions after sorption were analyzed with a photometric method
using arsenazo III [9]. Sorption degree was calculated as:

S:CO_Cxloo,% (1)

0
where Cy and C are the initial and final concentration of uranium (VI) in the
solution.
Desorption experiments were carried out by similar manner using 1 M H,SO,
or NaHCOj; solutions. Desorption degree was determined via:
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Sdes :(jcv%xloo’% > (2)

0
where C,,;, is the concentration of uranium (V1) in the solution after desorption.

Results and discussion. Pristine ion exchange resins and organic-inorganic
materials remove uranium (VI) compounds practically completely from chloride
and carbonate solutions (see Table 1) as well as from the modeling solution II
(Table 2), when the sorbent dosage is 2 g dm™. No additional correction of the
pH is needed.

Table 2: Sorption of Uranium (VI) Compounds from Modeling Solutions

Sorbent K x 10
Sorbent | dosage, pH S, % 11, min t,5, Min a0
g dm™ >
Modeling solution I
CR 5 2 60.0+0.5 57 >1800 3.70
4 99.5+0.5 20 180 4.03
10 2 99.5+0.5 33 480 7.02
CR- 5 2 60.5+0.5 240 >1800 3.17
ZHP-2 4 99.5+0.5 28 150 5.08
10 2 99.5+0.5 36 1440 8.67
Modeling solution II
AR 2 8 99.5+0.5 25 120 6.58
AR- 77.5+0.5 40 150 5.97
HZD-1
AR- 99.5+0.5 25 120 5.28
HZD-2
Modeling solution III
AR 5 2 79.0+0.5 35 100 4.72
AR- 47.54+0.5 - 80 7.68
HZD-1
AR- 76.5+0.5 40 120 4.55
HZD-2

The residual U(VI) content decreases down to maximal allowable
concentration by this manner. More complete removal of U(VI) species from the
model solution I requires optimization of sorption conditions: it is necessary to
increase either the pH (up to 4) or the sorbent dosage. This optimization causes
not only an increase of the § value, but also sorption acceleration. Sulfate
solutions contain anionic and neutral complexes of U(VI) as well as uranyl
cations. These species are not able to interact with anion exchange functional
groups of the polymer constituent of the sorbents. Thus, the maximal sorption
degree is not reached in the sulfate solutions, particularly from the modeling
solution III.
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Following kinetic characteristics for sorption of uranium (VI) compounds are
given in Table 2: half-time of exchange (¢,,), time of equilibrium (¢,,), constant
of sorption rate (k) that was calculated using the first order equation:

lnQ =—kxt, (3)

CO
where C, is the concentration under predetermined time.

The CR-ZHP-1 sample, which was impregnated with a 0.1 M ZrOCl,
solution before ZHP precipitation, is the most attractive from the point of view
of sorption kinetics (in the case of chloride solutions). Regarding sorption of
anions, the sample that have been saturated with more concentrated ZrOCl,
solution for following ZHD deposition, is the most effective.

Composite ion-exchangers are regenerated easier and more complete than the
pristine resins. The degree of uranium desorption from CR is 85 (using H,SO,
solution for regeneration) and 50% (NaHCOj; solution). The S, values are 90
(H,SO,) and 66% (NaHCO;) for the AR sample. At the same time, the organic-
inorganic ion-exchangers are regenerated more completely (S;,=90%) with the
NaHCO; solution and the most completely (S,.,=100%) with the H,SO, solution.
No change of sorption degree has been found for the composites after 5 cycles
of sorption-regeneration.

Conclusions. Organic-inorganic ion-exchangers containing ZHP and HZD
demonstrate more significant sorption ability towards soluble U(VI) compounds
than the pristine resins. Depending on modification conditions, the composites
show also higher sorption rate despite the inorganic constituents. This was
shown particularly for the solutions, which model liquid wastes of uranium
processing or mine waters. Other advantages of the organic-inorganic ion-
exchangers are more facile regeneration and, as a result, a possibility of multiple
application.
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Pe3ztome. Opeano-neopeaniuni KOMNO3UMU HA OCHOBI UOHOOOMIHHUX CMOJ, SIKi
micmams  2iopogocpam yupkowiro (kamionim) ma 2i0pamosarHuti OioOKCuo
YupKkoHito (anionim) 3acmocosani 0asa eunydenHs pozuunHux cnoayk U(VI) 3
MoOenbHux posuunie. Illepesacamu KoMnosumié )y HOPIGHAHHI 3 GUXIOHUMU
cMonamMu € 8uwa copoyiuHa €MHicmb, OLIbUW BUCOKA WBUOKICMb copOyii, a
MAaKodiCc NoNe2UleHa peceHepayisi.

Knrouosi cnosa: opeano-neopeaniuni ionimu, 2iopogocgam yupkowiro, 2iopamosaHutl

0IOKCUO YUPKOHIIO, UOHU YPAHLLY, OYUCIKA CINIYHUX BOO.
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Abstract. The effect of oxygen bubbles on the formation of the membrane
interfacial potential under microgravity in water media was considered. The
braking of the proton motion and changes of pH under microgravity in
water/oxygen systems depend on the O, gas bubble size distribution, that have a
much larger variance in acid solutions than in basic solution.

Keywords: membrane, proton, oxygen, interphase potential

Introduction. The main point that has to be considered in the water
management is the behavior of the proton in presence of oxygen and porous
membrane. This is ideal since the electrode needs to remain hydrated to promote
high levels of proton transfer in presence of O, and is especially important for
design of effective portable fuel cells [1]. In such case the water transfers
protons through the membrane due own structure and exchanging of pressure in
porous media [2, 3]. The presence of dodecahedral substitutional sites in the
structure of liquid water promotes the hydration of individual water molecules,
introduced into these cavities [4, 5]. The substitution of water molecules by
oxygen molecules change the structure of existing hydrated complexes of water
with change in degree of proton-donor activity and the transport of oxygen to
the cathode. These effects increase in the presence of porous membrane.

The aim of this work is to study the effect of oxygen bubbles on the
formation of the membrane interfacial potential under microgravity in water
media.

Experimental. In the experiment distilled water, degassed for 1.5 - 2 hrs by
refluxing was used. Water (80 - 85 ° C) was placed in a sealed measuring cell,
which was cooled to 20+2 °C then pH and redox - potential Eh were measured.
Temperature settings were selected according to the oxygen solubility in water
(at 80 °C virtually no dissolved oxygen) ([O,] = 107 M), whereas at 20 °C
[0,]*3x10™* M. The mechanical action exerted on the water by filtration through
filters of different structure. The measurements were performed on ion-meter
EV-74 with glass and platinum electrode and Ag/AgCl reference electrode with
measurement error + 5%. The standard and isolated from the air thin-layer cell
with the water layer thickness of 0.5 mm were used for measurements. The
experiment was conducted in two stages. First, the initial pH and Eh were
measured in the degassed distilled water. In the second step into the cell with
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degassed water fed oxygen for one minute. Oxygen was bubbled through a
saturated NaOH solution to remove CO,. Then measurements of pH and Eh
were repeated.

The microtexture of samples was studied using the SEM Mira 3 FESEM
Tescan USA Inc. with high resolution on the cathode with field emission SEM
HV - 10 KeV and automatic measurement in the image.

Magnetization of the water was performed with an inhomogeneous magnetic
field intensity H = 0.074 TI during 30 s.

Results and discussion. The shift of Eh potential values of degassed water in
the cathode region after filtration through membranes with various nature and
pore size was experimentally found (fig. 1). In the absence of concentration
changes, it formally indicates the decrease in oxygen content [6]. And in this
case, a change in the redox potential is possible due to the impact of double
electric layer, DL, at the interphase of the water cluster/amorphous
water/membrane surface, 1. e interphase potential, caused by the forced
movement of the proton across porous membrane. It’s known that the electrical
surface potential of pure water arise due to the net alignment of the dipole and
quadrupole moments of water molecules at the interface and only changes in the
surface potential can be measured experimentally, the small surface potential of
pure water is not easily determined. The general sign convention for the surface
potential is taken as measured from the air into the solution and the electrical
surface potential is estimated to be between 0.1 and 0.2 V, corresponding to
having the water hydrogens pointing slightly toward the bulk [7].

E.B
0.8 %

N
06 \\A
04} \. " e

0.0 ==y
0 1 2 3 4 5 6 7 8 9pH

Fig. 1. Isoelectric Point of Various Kinds of Water, Passed through Membranes of
different Pore Size and Nature. Etalon - 0.01M Solution of NaCl with O, (4).

(1- Distilled Water, 2- Distilled Water without Oxygen; 3- Distilled Water without
Oxygen, Passed through Polymer Membranes with pore size of 11-12nm ; 4- Distilled
Water without Oxygen, Passed through Paper Membranes with Pore size of 200 nm,
5- Distilled Water Containing Oxygen, Passed through Polymer Membranes with Pore
Size of 11-12 nm ; 6- Tap Water, 7 - Distilled Water Containing Carbon Dioxide ; § -
Magnetized Distilled Water ; 9 - Distilled Water without Oxygen, Passed through
Paper Membranes with Pore Size of 300nm ).
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In this case, the proton electrochemical potential can be expressed by the
equation given by Nernst - Peters [7]:
Au,. = FAp—23RTApH (1)
where ApH - interphase gradient of pH (or the concentration of protons) and A
- an electric potential difference at the phase interfaces (capacity of the DLs).
The equation shows that the electrochemical potential difference of H' consists
of two components - the concentration (pH gradient) and electrical (Ap). The
value of Au, . can be regarded as the force acting on the protons, which

determines the flow of H * across interphase border. If we taken the resulting
potential to one coulomb of electricity, we get specific electromotive force
(EMF) for the proton transfer:

o A?,u _ Ap 23RT

Fixed experimental changes in pH and Eh potential values and the values of
the isoelectric points removal corresponds to the mathematical regularity eq.2. If
the pH removes in the basic site, the values of AEy" increases with increasing of
the ApH. It has created energy barriers for oxygen motion in this case. Thus, the
membrane, under conditions of lack of dissolved oxygen, "encapsulates" it
within a clusters, i.e. it translates into a molecular - dissolved state and
eliminates the effect of proton EMF. In equilibrium state, the active (electrical)
proton flux at the interphases is balanced by a passive flow of H' (concentration
gradient). The stationary state is reached usually for 100 — 200 s.

The occurrence of the interphase potential explains the absence of differences
in the values of the redox potential in the conditions of pH change by passing
degassed water and water containing oxygen through the track (nano-scale)
membrane (Fig. 2). The small pore sizes (11-12 nm) cause higher Laplace
pressure values in this case.

20
L 3)
where o - the surface tension, R - the pore radius of curvature.

AE ApH (2)

Fig. 2. Electron Micrograph of the Track Membrane
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Taking into account that the bubble O, gas forms closed the membranes
surface due to natural convection and that under microgravity environment the
bubble curtain thickness increases with decreasing electrode potential, the O,
gas bubble size distribution shows a much larger variance in acids solution than
in basic solution under microgravity. The variance increases from +0.05mm at
—0.4V to £0.2 mm at —0.8 V. [8]. And when the pore sizes are smaller than the
size of the bubble the curvature radius increases exponentially, as result - the
elimination of concentration component. Then according to the equation 2 ApH
= 0 and interfacial potential value becomes zero.

The presence of dissolved oxygen increase the concentration of protons at the
interface of the oxygen / water, that causes the proton concentration gradient (fig
3). So to mitigate this effect the external pressure Py, on the surface of the
membrane should be increased or the pore size is to be increased, too.

Fig. 3. The Mechanism Scheme of the Proton Gradient Formation within the

Nanoporous Membrane in the Presence of O, Bubble (External Pressure — Py, Laplace
Pressure- Py).

Conclusions. The membrane, under conditions of lack of dissolved oxygen,
translates oxygen bubbles into a molecular - dissolved state and eliminates the
effect of proton EMF. Changes of pH under microgravity in water/oxygen
systems depend on the O, gas bubble size distribution, that have a much larger
variance in acids solution than in basic solution. Modeling of cross-border
potential have shown that when the pore sizes are smaller than the size of the
bubble the curvature radius increases exponentially, as result - the elimination of
concentration component and cross-border potential value becomes zero. This
model is in agreement with experiment. If the porous size larger than size of
oxygen bubbles —the cross-border potential is decreased. In case of the smaller
porous (the smaller than bubble size) is observed an increase in concentration of
the protons at the oxygen / water interphase. So to mitigate this effect should be
increased external pressure Py on the surface of the membrane or increase the
pore size.
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VIIK 544.6.018.22
INMPUPOJA TPAHCITPAHUYHOI'O ITIOTEHIIAJY IIIJI YAC
IMPUMYCOBOI'O PYXY ITPOTOHY B CUCTEMI BOJIA-KUCEHb
K. J. llepmuna
Mixcsioomue 8i00inenns enexkmpoximiunoi enepeemuxu HAH Yxpainu, npocnexm
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Pe3ztome. Pozensinymo enius 06yab0auox KUCHIO HA QOpMYBaAHH MeMOPAHHO2O
nomenyiany Ha medxci po3oiny ¢az 6 ymoeax Mikpoepasimayii y 600HUX
cepedosuwax. llokasano, wo ycyHenwHns pyxy npomonieé i 3minu pH npu
MiKpoepasimayii 8 cucmemi 800a / KUCEHb 3aledCumsv 8i0 po3nooiny po3mipis
oynvoawok 2azy O, aKi marwome Habazamo OLbULy OUCNepcito 8 pO3UUHI
KUCIOMU, HIJC 8 JIYHCHOMY POZUUHI.

Knrouosi cnosa: membpana, npomon, Kucenb, mpaHcepaHudHuil NOmeHyia.
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Abstract. Transport of chromate ions in the systems involving granulated ion-

exchangers and anion-exchange membranes of different origin was researched

under various voltage. The role of the membranes as sorption barrier was

considered. The method that allows one to estimate mobility of sorbed ions

through ion-exchanger bed has been proposed. Electrodeionization of Cr(VI)-

containing solution using inorganic ion exchange materials was studied.
Keywords: chromium, electrodialysis, electrodeionization, inorganic membrane,
hydrated zirconium dioxide.

Introduction. Electrodeionization (EDI) is a prospective technique for
discontinuous desalination of diluted solutions [1, 2]. This method combines ion
exchange and regeneration of the ion exchange resin due to ion transport
through the packed bed and membrane. For instance, EDI can be applied to
permeate [4], removal of toxic components (Ni*™ [5], Cu*" [6], Cd*" [7]) from
water. The recovery of oxidizing ions (HCrO,) is complicated by their
interaction with ion exchange resins and polymer membranes [8-10], whereas
ion transport through the inorganic membranes, which are stable against
oxidation, is affected by concentration polarization [9]. The aim of the work was
to establish regularities of HCrO, transport in the system of ion-exchanger and
membrane in order to optimize the EDI process. This process has to involve ion
exchange materials that are stable against oxidation.

Experimental. Such ion-exchange materials as Dowex Marathon 11 anion
exchange resin (Dow Chemical), granulated hydrated zirconium dioxide
(synthesized similarly to [8]) in a form of hydrogel (HZD), AMI-7001 polymer
anion-exchange membrane (Membrane International), ceramic membrane
modified with xerogel of hydrated zirconium dioxide were applied to
investigations. The work involved electroregeneration of ion-exchangers, which
were loaded preliminarily with chromate anions (no loading was provided for
the membranes), and EDI using the inorganic ion-exchanger and membranes.
The EDI stack is described in [8, 9], Nafion-117 (DuPont) cation exchange
membrane was used for separation of the cell compartment filled with ion-
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exchanger from the cathode chamber. The electrode compartments were filled
with 0.1 M H,SO, solutions.

Results and discussion. FElectroregeneration: polymer anion-exchange
membrane and anion exchange resin. The dependencies of HCrO4 amount in
the anolyte (7,) on time (7) show induction period, which corresponds to
accumulation of ions in the anion-exchange membrane (Fig. 1). The initial flux
of ions through the membrane (N¢, )
1s not proportional to potential gradient
though the resin bed (gradE). It

means, mobility of the species though 6
the ion-exchanger (uc ) cannot be E
. — - 4
determined from the N, ,,—gradE =
curve, as suggested in [11]. 32
The flux through the membrane .
can be written as:
i Tx103, S
Ney o = Uy wCorm PRE (D Fig. 1. Dependence of HCrO, Amount

m

in the Anolyte on Time. Insertion. Flux

were u,, and C,, are the mobility of These Species through the Polymer
’ ’ Membrane as a Function of Potential

and concentration of species in Gradient through the Bed of Anion-

membrane, «, 1s its electrical Exchange Resin. Co=41 mol m*

conductivity of the membrane, i is the

) n
current density. C,,, = lC;m ,

m-m

, 18 the membrane area, 7., is the amount

of Cr(VI) species in the membrane at 7=0, this value can be found via:
nCr,m = I CCr — dT (2)
0

where « is the conductivity of the ion-exchanger bed. Thus:

~2

N,

Cr,m

= uCr,m u Cr

J‘CCr 3

where I is the membrane thickness, Cc. is the concentration of Cr(VI) species

m

in the ion-exchanger. It means:
dN,

Cr.m __

dr K, Kl

uCr muCr CCrl

4

The u.,, x and the x, values are determined with independent methods.
Indeed, the dN,,,/dz- i* curve is linear (Fig. 2). The diffusion coefficients

through the resin (D¢, ) for HCrO, (CrO4>) species were estimated as:

85



Environmental Protection: from Sorbents to Membranes

- _ RTDq
¢ zo (5)

ya

where R is the gas constant, T is the temperature, F'is the Faraday constant, z, is

the charge number. These values are 1.2x10™" (HCrOy4) and 5.1x10™" (CrO4»)
m’ s, they correspond to data for the similar ion-exchange resin [12]. Green
colour of the resin (yellow after loading) was found after electroregeneration.
This indicates Cr(VI)—Cr(IIl) transformation probably due to reduction by the
ion exchange resin despite low initial Cr(VI) content (z., =41 mol m™).
Electroregeneration: polymer anion-exchange membrane and inorganic ion-
exchanger. This system shows nonlinearity of the flux derivative vs square
current density, moreover, dN,,  /dr#0 at i’ and dN,,, /dr <0 reflecting a

Cr,m
decrease of the flux over time. Nevertheless, calculations of linear region of the
dN,

oo/ AT - i’ curve give Do ~4.5x10" m’s™ (€. =165 mol m™), this value is in
agreement with the magnitude obtained during investigation of sorption kinetics
[8]. Cr(Ill) species in the inorganic ion-exchanger, which is stable against
oxidation, were also found. Thus, the mechanism of ion transport through the
ion-exchanger bed and polymer membrane involves following stages: (i) anion
transport through the sorbent bed to the anode compartment; (ii) transport
through the polymer membrane, which is accompanied by partial reduction of
HCrO,4 ions; (ii1) transport of Cr(IIl) cations from the anion-exchange
membrane through the bed to cathode compartment. HCrO, ions destroy
polymer materials, Cr(IIl) ions poison the amphoteric inorganic ion-exchanger
since their mobility in the solid phase is extremely low.

Electroregeneration: inorganic materials. In this case, a change of the
membrane conductivity under different voltage has to be taken into
consideration. This is caused by concentration polarization that occurs also
inside macropores of the inorganic membrane. The membrane resistance (R,,)
increases gradually with voltage (the highest contributions of the potential
gradient is due to the inorganic membrane and ion-exchanger) due to
inhomogeneous membrane structure and decreases under high voltage due to
overlimiting current conditions (Fig. 3).

Taking into consideration resistance of the inorganic membrane, resistance of

the ion-exchanger (R) and thickness of its bed (/), equation (5) can be written:

d
al I, (6)

Cr,m uCr,mucr CCr

dr 2

Here [ is the current, f'is the function of square current, f(/ )= IY_QR,w . Derivation
of eq. (6) gives g(I°) function:

2 _uCr,m;CrCCr d[f(lz)] 2 2
g(I")= 2l ( (1Y r+rd )j- (7)

In other words, the g(I°) function corresponds to a slope of the dNg,,, /drt - F
curve to the abscissa axis. This function is approximated as b, +b,1°(b, +1%)"',
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the term of eq. (7) in round brackets is expressed via b, +b,I° +b,1* (see Fig. 5,
where b are the empirical coefficients).

E

15 ‘ . 0.5 Vo o oI’ =

- ® Jon exc}}ar}ge resin o Q o ﬁ( d(z(lz)) () (T q
q”’ Inorganic ion-exchanger A N< ";3
£10 | _ 0.0 E ‘5 ol =2
ks 1 S = =,
£ ) G 2 3
o 5 <105 . - J\Q b
= K S 47 )
S0 1.0 §E & 2
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Fig. 2. The Derivative of Initial Cr(VI)
Flux with Respect to Time vs Square
Current Density for the Systems Involving
the Polymer Membrane.

Fig. 3. Functions of Square Current: g
and Term in Round Brackets of eq. (7).
Insertion: Membrane Resistance as a
Function of Cell Voltage.

When /-0, eq. (7) is simplified:
- bl21

uC}‘ = — 9

8
uCr,m CCr ( )

where b=b,/by, this coefficient (mol V’m™s™") corresponds to rate of a change of
ion flux through the membrane, if the potential drops through the membrane and

ion-exchanger are 1 V Since D, , =1.80x10"" m’s™ [9[, b,=-4.95x10” mol m™
A? s? b,=-7.49x10* Ohm? the diffusion coefficient of HCrO, has been

estimated as 2.6x10"> m*s”'. The D¢ values obtained for the systems involving
polymer and inorganic anion exchange membranes are in a good agreement.

Electrodeionization: inorganic materials. Increasing in current reduces the
flux of HCrO, species and degree of their removal from the mixed solution
(Fig. 4). This is evidently due to concentration polarization of the membrane that
increase its resistance and decrease the potential gradient through the bed of the
inorganic ion-exchanger. When the current density is higher than the limiting
value for HCrOy ions (i, c,) in 4 times, EDI is transformed into electrodialysis.
The fluxes through the membrane are similar for the ion-exchanger and glass
particles. In this case, the ion-exchanger behaves as inert components evidently
due to higher rate of ion transport through the solution than through the ion-
exchanger bed. The ion-exchanger particles only turbulizes the solution flow, no
significant ion transport is realized through the bed.

Conclusions. In order to determine diffusion coefficient of sorbed ions
through the ion-exchanger with electroregeneration method, the membrane has

been taken into consideration as a sorption barrier. Using this approach, the De,
values have been found for ion-exchange materials of different origin. The order
of diffusion coefficient for hydrogel of hydrated zirconium dioxide is 10™"* m? s™
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similarly to that for the anion-exchange
resin. Since HCrO, removal from
diluted solution using polymer ion
exchange materials is complicated by
their oxidative destruction, inorganic
membrane and  highly hydrated
inorganic 1on-exchanger has to be
applied to the EDI process. The
removal conditions must exclude rapid
increase of the membrane resistance
due to concentration polarization. The
system involving inorganic ion
exchange materials can be
recommended for recovery of other
toxic components of solutions, which
destroy polymer membranes and ion

exchange resins. In the future, the task of optimization of composite membrane
structure should be solved in order to eliminate negative effect of concentration

polarization as much as possible.
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Pesome. [lpu pisnux wnanpyeax 6u84eHO NepeHoc IOHI8 ) cucmemax, AKi
BKNIOUAIOMb  2PAHYILOBAHI  IOHIMU MA AHIOHOOOMIHHI MeMOpaHu pi3HOL
npupoou.  Posenawymo  poab  membpanu Ak  copOyitiHoco  6ap'epy.
3anpononosano cnocib, wo 00360JIA€ BUHAUAMU PYXIAUBICMb COPOOBAHUX T0OHIE
v wapi ionimy. /locniodxceno enekmpooeionizayito Cr(VI)-emicmuozo po3uuny i3
3ACMOCYBAHHAM HEOP2SAHIYHUX I0HOOOMIHHUX Mamepianis.
Knrouoegi cnoea: xpom, enekmpooianis, enekmpooeionizayis, Heopeaniyna Mmemopana,
2iopamosaHuil 0ioOKCUO YUPKOHITO.
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Abstract. Preliminary experiments of concentrationof sugar beet juice after the
second carbonation were carried out.A dead-end cell with a reverse osmosis
membrane was used.The dependence of the permeate flux vs pressure, which
was varied from 0 to 6 MPa,has been obtained. Duringjuice concentration, a
linear decrease of the flux was observed. It means no fouling of the membrane
surface.Preliminary calculations show that the use of reverse osmosis provides
at least 30% of energy consumption.

Keywords.' reverse osmosis, sugar beet juice, concentration, membrane, dry matter.

Introduction. Recently applicationfield of membrane processes expands
intensively, especially in food industry. Membrane separation provides high
quality of the products, they allows one to minimize energy consumption and, as
a result, to save gas, coal and electricity.Traditionally vacuum evaporationis
used for solution concentration in food technologies.The energy consumption of
the evaporation systems for solvent removal is higher almost in 5 times than that
for reverse osmosis (the comparison is for seawater desalination) [1].This limits
prospects of evaporation techniques and expends opportunities of advanced
technologies involving membrane separation.For example, nanofiltration or
reverse osmosis are used for pre-concentration of dry matter of milky whey
before evaporation [2].

Sugar industry is related to energy-intensive branches of food industry, thus,
alternative technologies have to be developed. Previous analysis shows a
possibility to provide 33% decrease of energy consumption for concentration of
sugar beet juiceby means of application of reverse osmosis before evaporation
[3].1t is advisable to use this method due to following reasons.lIt is necessary to
process large volume of theliquidduring short period, thus, bulky and expansive
equipment is needed. Moreover, sugar plants work only 30-90 days a
year.Membrane techniques would provide fast processing of large amount of
perishable feedstock. The aim of the investigation was to evaluate a possibility
to use reverse osmosis as a preliminary stage of sugar beet juice after second
carbonization.

Experimental. ARM Nanotech membrane (RF) was used for the research, its
effective area was 1.3-10° m>A dead-end cell was applied
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tobaromembraneseparation. Pressure test of the membrane wasperformed by
filtration of deionized water at ~20°C to achieve a constant flux.

Sugar beet juice produced byUzynsky sugar plant (Ukraine) in September
2016 was processed.The liquid contained initiallyl5.2 % of dry matters
determined with a URL-1 refractometer (Analitpribor, Ukraine).

Results and discussion. After the second carbonization,sugar beet
juicecontains no large colloidal particles and most of impurities. This provides
good conditions for subsequent membrane separation.However, the temperature
of the liquid after carbonization is 85-90° C, the working temperature of reverse
osmosis membranes is up to 45°C. Thus, heat exchangers are required to provide
necessaryconditions for the membrane.

Fig. 1 shows the experimental results.It can be seen that the flow of permeate
is practically absent, when pressure is lower than 1 MPa. This is due to high
osmotic pressure (m) of juice. According to [4], following equation has been
obtained:

7 =0,0033-C°-0,3124-C* +11,333-C 104,41 (1)
whereCis thecontent of dry matter, % (15 % [ C [1 75 %).It allows one to
calculate the osmotic pressure (bar) of juice after the second carbonization at
80°C.
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Fig. 1. Permeate Flux as a Function of Pressure.

This equation can be used to approximate the results, because the solution
temperature was much lower than 80 °C.In addition, the values of osmotic
pressure of juice, whichcontains similar amount of solids, but which wastreated
by various methods, is also different within certain limits.Equation (1) and data
[4] show that reducing of the temperature from 80 to 25 °C leads to a decrease
of osmotic pressure w of 13%. In this case, the m value is about 0.56 MPa and
conditionsof AP - m (where APis the working pressure) have to be the most
suitable for reverse osmosis.

Fig. 1 shows that the permeate flux (J) increases linearly within 1-4 MPa,
then no linearity is observed.In all cases, selectivity of the membrane
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agaisttowards dry matter exceeds 99%.Since the pressure test was performed
preliminarily, the results cannot be caused by a change of the membrane
structure affected by pressure. The reason of nonlinearity is assumed to be
concentration polarization or membrane fouling. In order to confirm these
assumptions, juice was concentrated at 6 MPa until to the minimal permeate flux
(almost zero), as shown in Fig. 2.
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Fig. 2. Permeate Flux as a Function of Time (a) and Concentration Factor(b).

Fig. 2 shows uniform decrease of the permeate flux with increasing in time
and grows of concentration factor, Thus, concentration polarization is a reason
of nonlinearity of the curve of Fig. 1.It means, hydrodynamic conditions should
be improved during the transition from laboratory research to industrial tests.

Based on our experience, we assume that the minimalpermeate flux should be
at least 10 kg/(m’h). Before concentrating in a vacuum evaporator,about 40 % of
water can be released from juice. It is almost 55 % of solvent being removed.

Industrial plant consumes about 300-390 tons of fuel for processing of 6 000
tons of sugar beets (343-445 thousand m’ of natural gas) for concentration of
juice.The energy consumption of the device for reverse osmosis is less in 5
times than that for vacuum evaporator. Thus, the membrane method allows us
30% of reduce of energy consumption.
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Conclusions. Reverse osmosis at 6 MPa removes 55 % of required amount
of solvent from sugar beet juice after the second carbonization.Permeate flux is
varied within the interval of 18.7 to 0.8 kg/(m” h), selectivity towards dry matter
was 99%.Theoretically, sugar plant can reach more than 30 % of energy
consumption,when reverse osmosis is used for pre-concentration.However, this
process requires further study and new experimental data.Economic advantages
of this technology should be estimated in details.
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3BOPOTHUI1 OCMOC JIUISI KOHIIEHTPYBAHHS COKY
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Pe3ztome.lIposedeno nonepeoni  00CHiONCeHHs npoyecy KOHYEHMPYBAHHS
oughysitinoco coky nicaa Opyeoi camypayii. 3acmocogyeanu HenpomoyHy
MeMOpAHHY — KOMIDKY  13360pOMHOOCMOMUYHOIO — MeMOpaHow,  poboya
memnepamypa cmanosuna 20+3 °C. Ompumano 3anedxcHicmo NUMoMoi
NPOOYKMUBHOCMI 810 MUCKY, AKUU 3MIHI08aU 8 diana3oni 6i0 () oo 6 Mlla. I1io
yac KOHYEHMPYB8AHHA OUQDY3IUHO20 COKY CHOCMEPIeanoch JNIHIlIHe 3HUNCEHHS
NPOOYKMUBHOCMI MEMOPAH, WO BKA3VE HA 8IOCYMHICMb 3A0PYOHEHHS NOBEPXHI
po3zoinenns. llonepedHi po3paxyHKu  NOKA3Y0OMb, WO  BHNPOBAONCEHHS
pe3yibmami6 00CaiONHCeHb Y BUPOOHUYMBO 00380AUMb ZHUSUMU CHONCUBAHHS
eHepzoHociie minimym Ha 30 %.

Knrwouoei cnosa: 36o0pomuuii ocmoc, ou@y3itinuii Cik, KOHYEHMPYBAHHI, MeMOpaua,

cyxa pedosuna.
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REMOVAL OF Pb (II) IONS FROM WATER SOLUTIONS
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Abstract. The (hydr)oxides with chemical composition Mny.;M; ,O»nH,0 (M =
Zr (IV), Ti (IV), Sn (IV),) and predomination of negative surface charge were
synthesized by sol-gel precipitation. The surface properties of (hydr)oxides were
characterized by acid-base titration and adsorption/desorption of nitrogen. The
organic-inorganic hybrid materials with sorption affinity for ions of Pb (Il)
have been obtained by introducing of hydroxides in organic matrix. The value of
the distribution coefficient of Pb (II) ions on some materials reaches 10° cm’-g”.
Keywords: sorbents, organic-inorganic hybrid, lead ions, distribution coefficient.

Introduction. Man-made sources of lead pollutions include: emissions of
products formed during high-temperature processes, the exhaust gases of
internal combustion engines, waste water, mining and processing of metals,
transportation, abrasion resistance and its dispersion during the operation of
machines and mechanisms. Only as a result of metallurgical plants the Earth's
surface annually receives not less than 89 thousand tons, with the exhaust gases
of about 260 thousand tons. [1]. Most perspective sorbents for heavy metal ions
removal are inorganic nanoscale materials which can be obtained by sol-gel
method.

This research devoted, at first, to a synthesis of individual and double
inorganic and hybrid organic-inorganic compounds with predetermined surface
properties and, at second, to their applications in environment, namely, for
removal heavy metals from diluted water solutions. In literature, there are
several researches about high selectivity of this group of individual hydroxides
(Zr (IV), Ti (IV), Sn (IV)) towards toxic multivalent metal ions [2]. The
addition of individual hydroxides to a proton-donor oxide matrix should obtain
the materials with predomination of negative surface charge. The affinity of
such materials to heavy metal ions is expected to be stronger in comparison to
individual hydrated oxides. In addition, the introduction of “acid” (hydr)oxides
in organic cation-exchange matrix should result in a high affinity of such hybrid
materials to multicharged cations.

Experimental. Synthesis. The individual, double (hydr)oxides and hybrid
organic-inorganic materials were synthesized by sol-gel precipitation with usage
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of salts and ammonia. The chemical composition of the (hydr)oxides was
determined by analytical methods.

Surface area. The nitrogen adsorption/desorption isotherms were measured at
77.4 K using the “AUTOSORB-NOVA-6” instrument (by Quantachrome ) after
outgassing the samples at 463 K for 20 h. The surface area was calculated by the
BET (Brunauer—-Emmett—Teller) method. The pore volume and the pore size
distribution were calculated by the BJH (Barrett-Joyner-Halenda) and DFT
(density functional theory) methods.

Adsorption properties. For adsorption tests, 0.5 g of adsorbents were
contacted with 50-200 mL of M (II) solutions having different concentrations in
“Elpan type-375” shaker for 24 h. Adsorption from aqueous solution of
Pb(NO3), was studied in the range of 1:10°-5-10% M. The samples were filtered
prior to analysis to determine the concentration of the Pb (II) ions. The initial
and equilibrium concentration of Pb (II) ions was determined by atomic
adsorption spectroscopy. Final pH values of the solutions were measured using
laboratory type pH-meter “I-160 M”. Adsorption capacity () and distribution
coefficient (K,) were calculated.

Results and discussion. The surface properties of inorganic individual and
double (hydr)oxide adsorbents found to be as follow: PZC values in 0.12 M
KNO; vary from 3.5 (MnO, H,0) to 6.3 (TiO,-nH,0); value of the surface area
is varied from 53 (TiO,-nH,0) to 270 mz-g'1 (Mng 4Sn, 0,-H,0). The pore size
is between 1.7-2.1 nm and micro pore percent is between 3-80. All inorganic
adsorbents show predominant cation-adsorptive properties in I-I and II-I salts.

Figure 1 shows the results of investigation on adsorption of Pb (II) ions. It
can be concluded from obtained data that several investigated adsorbents can
remove Pb (II) ions from much diluted solutions.
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Fig. 1. Removal of Pb (Il) lons from Pb(NO;), Solutions by Qorganic, Inorganic

and Hybrid Adsorbents (in Logarithmic Coordinates).
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Table 1 presents distribution coefficient of Pb (II) ions in 0.1-1.0 mg-dm™
equilibrium solution for all adsorbents which have been studied.

Table 1. Distribution Coefficient of Pb (II) Ions in 0.1-1.0 mg-dm™ Solution

Adsorbent (-nH,0) K410 £0.5-107, em’-g”! pH=0,3
V4(0)) 0.5 3.4
SnO, 0.2 22
TiO, 2.0 4.2
MnO, 10.0 1.9
Mny 4Zng 60, 0.9 3.8
Mnyg 4Sng 05 0.8 2.5
Mny 4Tig602 1.0 4.5
Mnyg 7T1 30, 10.0 4.0
Dowex HCR-S 7.0 4.8
Dowex HCR-S+12%S5n0; 10.0 3.6
Dowex HCR-S+44%Sn0; 14.0 3.0
Dowex HCR-5+22%TiO; 12.0 43

The most promising adsorptive materials for the removal of Pb (Il)ions are
inorganic adsorbents which are hydrated MnO,, Mny; Ti (30,; hybrid
adsorbents which are Dowex HCR-S+12%Sn0O,, Dowex HCR-S+44%Sn0O,;
Dowex HCR-S+22%T10,.

In the study of the absorption of Pb (II) ions from dilute solutions on the
organic cation exchanger Dowex HCR-S, the local area of non-exchange
electrolyte absorption was observed on adsorption isotherm. That is why in spite
of high values of distribution coefficients which are closed to ones for inorganic
adsorbents. So that it can be concluded that organic resins are not selective.

Conclusions. The (hydr)oxides with predomination of negative surface
charge and chemical composition Mny.;M.(O,-nH,0, where M = Zr (IV), Ti
(IV), Sn (IV) were synthesized by sol-gel precipitation. The surface properties
of (hydr)oxides were characterized by acid-base titration [3] and
adsorption/desorption of nitrogen. PZC values in 0.12 M KNOj; vary from 3.5 to
6.3. The value of the surface area is varied from 53 to 260 m>g™ . The pore size
is between 1.7-2.1 nm and micro pore percent is between 3-80. By introducing
of (hydr)oxides in organic matrix, organic-inorganic hybrid materials with a
sorption affinity for ions of Pb (II) has been obtained. The distribution
coefficients Ky of Pb (II) ions were calculated from adsorption isotherms. The
application of such inorganic and organic-inorganic hybrid materials for the
removal of Pb(II) ions from dilute solutions has showed promising results. The
most promising adsorptive materials among the adsorbents tested are inorganic
adsorbents such as hydrated MnO,, Mn;; Ti (30,; hybrid adsorbents such as
Dowex HCR-5+12%Sn0O,, Dowex HCR-5+44%Sn0O,, Dowex HCR-
S+22%TiO,.
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BupnaJieHHs1 ioHIB CBHHIIO 3 BOAHUX PO3YHUHIB 3 BAKOPUCTAHHIAM
OPraHiYMX, OKCUAIB Ta riOPUIHUX COPOCHTIB
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Pe3tome. (I'iop)oxcuou 3 ximiunum cxkraoom Mny. ;M 0OrnH,O (M = Zr (1V),
Ti (1V), Sn (IV)) ma nepesadxcHO He2amMUBHUM NOBEPXHEBUM 3APIOOM
CUHME308AHO 30/1b-2€lb OCAONCEHHAM. 3a O00NOMO20I0 Memooié KUCIOMHO-
OCHOBHO20 ~MUMPYBAHHA mMa  adcopoyii/Oecopoyii  azomy  O0CAIOHCEHO
eracmugocmi nosepxti (2iop)okcudis. Beedenns uacmumnox (2iop)oxcudie 6
OP2aHIUHY MAMPUYIO NPU3BENO 00 OMPUMAHHI OP2AHO-HEOP2SAHIYHUX 2IOPUOHUX
mamepianie 3 aocopoyitinoro cnopionenicmio 0o iouie Pb(ll). Buznaueno
3HauenHs koeiyicumy po3noodiny Pb(ll) ionis na desxux mamepianax i docseae
10° w2,

Knrwouoei cnoea: copbenmu, opeano-Heopeaniuni 2iOpuoHi, ioHu c8unyio, Koepiyicum

PO3N00iTy.
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Abstract. Adsorption on polysaccharide derivatives can be a low-cost
procedure of choice in water decontamination for extraction and separation of
compounds, and a useful tool for protecting the environment. In current study,
polysaccharides-silica composites were synthesized by sol-gel method, physical
and chemical adsorption of chitosan and carrageenan by silica surface.
Obtained adsorbents were applied to adsorption of highly toxic compounds:
cationic and anionic dyes, herbicides and heavy metals.

Keywords: chitosan, carrageenan, dyes, herbicides, silica

Introduction. In recent years, the functional polymeric compounds are
broadly used to modify the silica surface, which allows one to obtain the
corresponding organo-mineral composites having sufficiently high capacity
while maintaining good kinetic characteristics peculiar to inorganic adsorbents.
In this respect, application for these purposes functional biopolymers, such as
amino- and sulfo-containing polysaccharides chitosan and carrageenan, are of
great interest [1,2]. Thus, abundant in nature polysaccharides as chitosan and
carrageenan have good biocompatibility, a wide range of pH stability, expressed
chelating properties. Furthermore, these biopolymers have opposite charge of
functional groups what allows one to complement properties of polymers. From
the other side, silica characterized by advanced surface stability in the acidic
medium, acceptable kinetics, thermal stability, and resistance to microbial
attack.

Experimental. Hybrid materials were prepared using various synthetic
methods: adsorption and covalent binding of polymer on the silica, forming of
inorganic matrix in polymer solution (sol gel method). The effect of route of
polymer coating creation on thermal stability and ability to degradation, surface
morphology, including pore size distribution and average surface area, as well as
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other physicochemical characteristics of such hybrid biocomposites have been
described.

Results and discussion. It was found that physically adsorbed on the silica
surface chitosan and carrageenan are effective as adsorbents with respect to
highly toxic contaminants such as heavy metals, synthetic cationic and anionic
dyes and herbicides from aqueous solutions, what is crucial in the development
enterosorbents or adsorbents for water treatment. The hybrid biocomposite
chitosan-silica gel was applied to study adsorption of sulfonated azo dyes. It was
found that this composite is effective towards next dyes: Orange II and Acid
Orange 8 (0.20 mmol/g), Orange G (0.12 mmol/g), Acid Red 88 (0.48 mmol/g)
and Acid Red 1 (0.09 mmol/g).
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Fig. 1. Comparison of Isotherms of the Dyes on the Chitosan-silica gel composite:
Acid Red 88 (1), Orange II (2), Acid Orange 8 (3), Orange G (4), Acid Red 1(5).

The influence of temperature to the ability of synthesized composites to
adsorb Acid Orange 8 dye was studied (Fig. 2). The strong decrease of
adsorption with temperature increase was observed. Maximum adsorption
capacity at 5°C determined from the Langmuir-Freundlich equation is about one
third higher than the value at 45°C obtained. The estimated thermodynamics
parameters AG', AH, and AS" for the system Acid Orange 8 dye — chitosan-
fumed silica adsorbent at 5 °C, 25 °C and 45 °C confirmed the exothermic and
spontaneous character of the adsorption process. The kinetics study was shown
that 10 minutes (at 45°C) and 20 minutes (at 25°C) is enough to achieve 50 % of
dye removal, and 6 hours of the process is enough for achiving the adsorption
equilibrium at those temperatures. Fast kinetic in the range of temperature 25°C
[1 45°C favors to use adsorption on these type of composites as a preliminary
technics in wastewater treatment plant. The applying obtained results to several
kinetics models, such as first-order equation, pseudo-first order equation,
second-order equation, pseudo-second order equation, mixed 1,2-order equation
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and multi-exponential equation, was shown very good correlation between
experimental data and multi-exponential equation.
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Fig. 2. Temperature Effect on Adsorption of Acid Orange 8 from Aqueous Solutions
on Composite Chitosan-Fumed Silica at Various Temperatures.

Biohybride carrageenan-fumed silica has shown the highest adsorption
capacity towards cationic synthetic dyes: Bismark Brown (0.54 mmol/g),
Acridine Orange (0.88 mmol/g), Malachite Green (0.55 mmol/g), Methylene
Blue (0.61 mmol/g), Crystal Violet (0.52 mmol/g). The study of adsorption of
herbicides has shown that composite chitosan-fumed silica could adsorb up to
0.31 and 0.35 mmol/g of 4-chlorophenoxyacetic and 2,4-dichlorophenoxyacetic
acid, respectively.

The composite synthesized by covalent binding of chitosan on the silica
surface was found to show high adsorption activity with respect to milligram
amounts of toxic metal oxoanions and moderately adsorbed cations. Thus, the
composite extracted metal ions Zn(Il), Cu(Il), Cd(II), Pb(Il) and Fe(Ill) with
adsorption capacity range from 0.03 mmol/g for Fe(IIl) to 0.17 mmol/g for
Zn(Il) in the neutral medium, and adsorbed oxoanions V(V) and Mo(VI) from
the acidic medium with adsorption capacity 1.6 and 1.5 mmol/g, respectively,
and 0.5 mmol/g for Cr(VI) at neutral pH. Moreover, it was found that after
functionalization of the surface of organomineral composite with iodoacetic
acid, adsorption capacity are highly increased with respect to studied cations of
heavy metals up to the range from 0.14 mmol/g for Pb(Il) to 0.60 mmol/g for
Zn(Il) in the neutral medium.

Conclusions. It was found that the biocomposites based on polysaccharides,
such as chitosan, carrageenan and silica are effective as adsorbents with respect
to highly toxic contaminants such as synthetic cationic and anionic dyes,
herbicides, and heavy metals from aqueous solutions, what is crucial in the
development enterosorbents or adsorbents for water treatment.
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Pe3ztome. Aocopbyisi noxionumu noricaxapuoié Modice 3acmoco8y8amucs K
Oeuteguti Memoo OYUCKU 800U MA K KOPUCHULL THCMPYMeHm ONs 3aXUCHLY
HABKOIUUHBO2O Cepedosuyd. Y ybomy 00CHiONCeHH] KOMNOZUMU NONICaXapuo-
KpemHeseM OyYIU CUHME308aHI ULIAXOM 3ACMOCYBAHHS 30Jb-2e/lb  Memoay,
@i3uunoi i XimiuHOI a0copoOyii Ximo3aHy i KappacuHary noBepxHer0 KpemHe3emy.
Excmpaxyiss 6ucokomokcuuHux cnoayk: KamiOHHUX [ AaHIOHHUX Oap8HUKIE,
2epoiyudie i BAJNCKUX Memanié CUHMe308aHuUMu aocopoenmamu  Oya
00CnioMHCeHaA.
Knrwowuoei cnosa: ximosan, kappacunat, 6apsuuxu, 2epoiyuou, KpemHe3em.
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Abstract.Method for boronic acid immobilization on the magnetite surface
reported.Immobilization of boronic acid on the nanocomposite surface was
confirmed using Fourier-Transform infrared spectroscopy. Proof of
principle experiments using obtained nanocomposites showed possibility of
their potential application for fructose sensing.
Keywords: multifunctional nanocomposites, absorption of fructose,magnetite,
Alizarin Red S, boronic acid.

Introduction. Recognition of different simple sugars in human blood is an
important taskforcurrent medicine. The most promising way to construct fructose-
sensitive materials is to use the ability of boronic acid to form reversible covalent
complexes with 1,2- and 1,3-diols [1-2]. Boronic acids has relatively small
toxicity and can be considered as “green” compounds [3].

Magnetite, Fe;O, is natural mineral with high biocompatibitily [4]. Sensor
applications in combination with magnetic properties of boronic acid-containing
Fe;0,4 nanocomposites allow us to create highly biocompatible multifunctional
“green” materials for fructose detection.

Experimental. Magnetite was modified by 3-APTES using standart method
[5]. 5-Formil-2-furyl boronic acid (furyl borate) was immobizlied on the surface
of Magnetite/3-APTES composite in ethanolic solution. Immobilization of
Alizarine Red S was performed in phosphate buffer (pH=7.4).

Results and discussion. The general scheme of Fe;O4/3-APTES/boronic
acidnanocomposite synthesis is shown in Fig. 1. In the IR spectra of the obtained
composite and initial furyl borate (Fig. 2) characteristic absorption bands are
observed. They can be attributed to formilgroupinfuryl borate (1735 and 1803
cm’', probably splitting is due to intramolecular interactions of formil residuewith
hydroxyl groups of boronic acid).After interaction withaminomagnetite,
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absorption bands of formil disappear, what may indicate the formation of
Fe;04/3-APTES/boronic acidcomposite. Absorption bandsof —-B—C bondare is
observed at 900 cm™', absorption bandsof —-B— O bond is observed at 1350 cm™.
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Fig. 2. IR spectra of furfurylborate (a) and nanocomposite Fe;0.,/3-
APTES/boronic acid (b).

Based on the data obtained by IR spectroscopy furylborate was successfully
immobilized on the surface of magnetite.

The study of competitive interaction and nanocompositeFe;Oy / 3-ARS /
furfurylborate with Alizaryn Red S and Fructose. The method is based on the
ability of immobilized boronic acid to bind cis-diol form of hydrocarbons
specificly(Fig. 3) [6].
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Fig. 3. The binding of cis-diol with boronic acid [7].
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AlizarinRed S (ARS) in phosphate buffer (pH = 7.4) is used as an indicator in
these types of reactions, Ay = 423 nm.

O OH

o

'S.__Na*
0 g ©

Molecular Weight 342.26

According to the literature, a competitive reaction between sugar and ARSh
occurs in the processof absorption of sugars on the surface of the material which
contain acidic surface groups with Boron (Fig. 4):

HRO
O OH o o-g"
| OH RB(OH), (o]
SOgzNa ; O.O SOgNa
06 HO OH 07
Non-fluorescent Fluorescent

HOOR  H, R,
.B.
o 0 5
8
Ry Rs

ARS

Fig. 4. The competitive reaction between sugars and ARS.

Thus, there is a "switch" of ARS molecules from non-fluorescence condition
to fluorescence one. Thus, the content of cis-diols in solution can be
quantitatively evaluated with the fluorescence of obtained conjugate. In addition,
there 1s a shift of the maximum of absorption band of cis-diol derivate in the
visible range. In our work itis demonstrated with the formyl-furylboric acid and
ARS in phosphate buffer (Fig. 5).

T T
400 600

Fig. 5. The absorption spectrum of ARS in phosphate buffer (1) and its
conjugate acid with formyl-furfurylboric acid.

Scheme of ARS binding with the surface of Fe;O04/3-APTES/boronic acid
nanocomposite is showen in Fig. 6.
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O OH
OH
H J W\ _OH
@ Si'\/\ch;)\Ey " O‘O o . >
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aae}
o) O

Molecular Weight 342.26

Fig. 6. Scheme of ARS binding with the surface of Fe;0,/3-APTES/boronic
acid nanocomposite

Based on literature data, in case of the addition of carbohydrate in the form of
cis-diol form the competitive replacement ARS on the surface of the composite to
sugar molecules should occur.

Release of ARS when fructose is added was confirmed by photocolorimetric
method. A model experiment was being conducted that based on competitive
sorption phenomena between ARS at the surface of nanocomposites and fructose.
It passes according to this scheme (Fig. 7).

0=$=0
o} O \
I\ BN
Si\/\N C\/(;LE( HO on OF
* ~
HO <$
HO OH

Ho o\ _© + Alizarin Red S
— @ s~ NG 0/5\ p#
Oom—0

Fig. 7. Competition between ARS and fructose.

Conclusions. Modification of Fe;O, by boronic acid could be realized
throughout imine bond formation using formil-furyl boronic acid and NH,-
containing magnetite. Obtained Fe;04/3-APTES/boronic acidcomposite show
characteric adsorption band in FTIR spectra and able to interact with 1,2-diols
(e.g. ARS). Preliminary experiments confirmed possibility to detect glucose using
Fe;04/3-APTES/boronic acid/Alizarin Red S nanocomposites according to
competitive interaction in phosphfte buffer.
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