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Abstract

The main milestones of the biography of Professor Alex B. Gerasimov, outstanding
scientist, organizer of high-tech industry and educator of generations of researchers, is discussed.

Family

Alex (Alexei) Gerasimov was born on April 26, 1936 in Tbilisi, Georgia, in the family of
Boris Gerasimov and Barbara Nemsadze.

His father Professor of Chemistry Boris (Borya) Alex Gerasimov (April 26, 1903 — June 7,
1993), a participant in the Great Patriotic War, worked for 62 years at the Georgian Agriculture
Institute, where he was the Head of the Department of Analytical and Inorganic Chemistry for
27 years.

In young years Boris was excellent sportsman, active member of first Georgian sport
union “Shewardeni”, one of the pioneers of basketball and light athletics in Georgia, participant
and winner of the first championship of Georgia in basketball in 1924 (team “Sinatle”), and
owner of the national record in javelin throw (1928). It is notable that his record maintained 20
years, till 1948.

Alex’s mother Barbara (Babo) Sergo Nemsadze (1905 — 1978), with higher education,
worked at the Institute of Silk Production of Georgia and was a housewife after Alex’s birth
dedicated the whole life to the family, to her son and later granddaughter Nana. As Alex’s
school mates remember, aunt Babo (as they call her) was “mammy” for the whole class: looking
after them, “solving problems” with teachers if somebody was not excellent in marks or
behavior. In 1961 Alex merried his fellow student and colleague Elene Japaridze. In 1963 their
single doughter, afterwards prominent painter and desiner, Nana was born.

https://doi.org/10.52340/ns.2022.01 7
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Alex’s father Boris Babo, Borya and Alex’s daughter,
Gerasimov in 1980th. Nana in 1974. painter Nana Gerasimova.

Grandfather Professor Alex F. Gerasimov (1885 — 1952) was born in Moscow, Russia.
From 1899, rather young he became a student of the Physics and Mathematics Department of
the Moscow University. However soon, in 1902, A. F. Gerasimov has been expelled from the
university due to the participation in an illegal student organization. In 1902, he left Russia and
continued his education in Switzerland, studying natural sciences at the University of Geneva.
In Geneva, he met his future wife, Tamara Sakvarelidze at that time student at the University of
Geneva, grandmother of Alex B. Gerasomov.

Prof. A. F. Gerasimov
(1885 — 1952).

In 1905, A. F. Gerasimov started work in Russia as an assistant at the Laboratory of
Inorganic Chemistry of the Kazan University. At Kazan University, he was Privatdozent (from
1910) and Professor (from 1919) of the Department of Chemistry. From 1930 to 1952, A. F.
Gerasimov is Head of the Department of Physical and Colloidal Chemistry.

School years and sports

In 1943 — 1954, Alex studied at the Thbilisi 7th Secondary School for Boys, which he
graduated with a gold medal. School years’ main fields of activity for young Alex are preparing
for science and sports.

At that time, Alex is intensively studying physics attending special classes at the Tbilisi
Pioneers and Pupils Palace, where his first supervisors in physics became great pedagogs, Mr.
Kote Totibadze and Mr. Tarasi Abzianidze. It is worth to note that many years later, in 2013,
Alex Gerasomov discovered handwritten versions of Abzianidze’s books about Newton’s and
Einstein’s mechanics, became their editor and finally published them in single volume:

8 https://doi.org/10.52340/ns.2022.01
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e T. Abzianidze. Criticism of Newton’s Laws and Construction of Keplerian Ellipse. On Special
and General Theories of Relativity by Einstein. Editor A. B. Gerasimov, 2016, Thbilisi, Intellect
Publishing, 192 pp.

In this way Alex Gerasimov had payid tribute to his beloved teacher.

Thilisi Palace of Thilisi State University
Pioneers and Pupils. basketball team.

1958, Bakuriani. Kahka Tskhovrebadze, Alex Gerasimov
and Gogita Eristavi. Together with classmate girls.

Alex Gerasimov was a highly promising young sportsman. In 1951 — 1958 while still a
schoolboy and then a university student, he was a member of the junior and then the men’s
basketball teams of Georgia. In 1952, as a member of the junior team he became champion of
the Spartakiad of Peoples of the USSR. Tennis was also his hobby. The spirit of a true sportsman
followed Alex Gerasimov throughout his life.

At Thillisi State University

In 1954 — 1959, Alex Gerasimov studied at the Faculty of Physics of Thilisi State
University (TSU) and completed his MSc in Physics with specialty Solid State Physics. In 1959 —
1962, he is a PhD Student, i.e. Aspirant, at the TSU Department of Solid State Physics under the
supervision of Prof. Iona Mirtskhulava, the Department Chair. In 1962 — 1965, he held a Junior
Scientist position at the same Department.

https://doi.org/10.52340/ns.2022.01 9
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Thilisi State University. Faculty of

Physics was located in Campus 2. e e

In Leningrad

In frames of a fellowship program, Alex Gerasimov worked (1962 — 1974) in the
Laboratory of Non-Equilibrium Phenomena of the Leningrad (St.-Petersburg), Russia, A. L. Ioffe
Physical-Technical Institute, the USSR largest institution for research in solid state physics and
microtechnologies, under the leadership of Prof. Solomon M. Rivkin, the Laboratory Head.

\

1964, Leningrad. Nodar | | Leningrad. Ilya

Chelidze, Nugzar Dolidze Yaroshetskij and
and Alex Gerasimov. Alex Gerasimov.

Thilisi Research Institute for Physics of Semiconducting Devices

In 1965 — 1976, Alex Gerasimov worked at the Tbilisi Research Institute for Physics of
Semiconducting Devices.! The Director of the Institute at that time was Professor I.
Mirtskhulava and it was his initiative to establish in the institute the Laboratory to study the
influence of radiation on semiconductors and semiconducting devices and to make Alex B.
Gerasimov the first chief of this laboratory.

1Since 1970, the Research Institute “Mion” and since 1976, the Scientific-Research Institute
“Mion” with Factory.

10 https://doi.org/10.52340/ns.2022.01
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Laboratory team together with colleagues from
Leningrad: Alexander Basman, Nugzar Dolidze, Marina
Mtskhvetadze, Sergei Abagian, Alex Gerasimov,

B. M. Konovalenko (sitting), [unknown], Alexandre
Davituri, Niko Kakhidze and Levan Jukharidze.

In Laboratory of Semiconducting Technologies
(Thilisi Research Institute for Physics of Semi-
conducting Devices): Alexander Basman, Nugzar
Dolidze, Alex Gerasimov and Niko Kakhidze.

First members of Laboratory headed by Alex Gerasimov. From left: Alex Gerasimov,
Nugzar Dolidze, Ekaterina Safina, Gogita Eristavi, Nodar Chelidze and Niko Kakhidze.

Nugzar Dolidze, Alex Gerasimov and Niko Kakhidze.

Back to TSU: Chair of Semiconductor Microelectronics

By the initiative of Academician Irakli Gverdtsiteli in 1980 at the TSU has been
established a new research and academic unit, Department of Semiconductor Microelectronics.
Alex B. Gerasimov from the very beginning became the Professor at this unit, and from 1982,
by the recommendation of Acad. I. Gverdtsiteli, he became the Chair of this Department and
the Head of the Scientific-Research Laboratory of Physical Foundations of Semiconductor
Microelectronics (from 1983). He led them until 2006.

https://doi.org/10.52340/ns.2022.01 11
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Tariel Aasidze, Sergo Nodia, Zurab Jibuti, Alex

Acad. Irakli Gverdtsiteli Gerasimov, Zurab Gogua and Merab Pkhakadze.

Scientific-Research Laboratory of Physical Foundations

of Semiconductor Microelectronics at Department
of Semiconductor Microelectronics (TSU) in 1985.

Merab Pkhakadze, Alex Gerasimov,
Zurab Gogua and Zurab Jibuti.

Zurab Jibuti, Alex
Gerasimov and
Zurab Gogua.

Tariel Abashidze, Sergo Nodia, Zurab Jibuti, Alex
Gerasimov, Zurab Gogua and Merab Pkhakadze.

Zu1;a5 ibﬁti, Alex
Gerasimov and

Alex Gerasimov, Zurab Zurab Jibuti and
Gogua and Zurab Jibuti. Alex Gerasimov.

Merab Pkhakadze.

12 https://doi.org/10.52340/ns.2022.01
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It was very productive period of Gerasimov’s scientific activity: time for summarizing
many results accumulated in past years; preparing books and lecture courses for students;
starting work in nanophysics and nanotechnology and developing his own view on nano-scale
phenomena; publishing more than 130 research papers and 2 monographs, obtaining up to 10
invention patents; etc.

In 1998, the International Committee on Scientific Discovers recognized Alex
Gerasimov’s work “Exoelectronic emission of solids” as a scientific discovery.

“Mi 0 n”

Alex Gerasimov has been involved in the materials research for about 60 years working
not only in the academia, but also in microelectronic industry of the former Soviet Union. In
1976 — 1980 and 1980 — 1982, he was Deputy Director for Science of the Scientific-Research
Institute “Mion” with Factory and Chief Engineer of the Industrial-Scientific Association
“Mion”, respectively; Head of Laboratory and Head of Department of the Scientific-Research
Institute “Mion” with Factory.

v gl

g . !
Industrial-Scientific Leader of Georgian SSR Eduard

Association “Mion”. Campus 1. Shevardnadze in “Mion”.

“Mion”. Alex Gerasimov, Avtandil (Dili)
Tsertsvadze, Leila Berdzenishvili, Marina
Imerlishvili and Alisa Bastatskaya.

https://doi.org/10.52340/ns.2022.01 13



Professor Alex B. Gerasimov (1936 — 2019): Long and great life in science.

Liquid Light Inc
In 2006 — 2010, Alex Gerasimov was Scientific Director of the Liquid Light Inc. (Seattle,

USA) Representative Office in Georgia named as Gerasimov Research Laboratory worked on
novel thin film technologies.

Gerasimov Research Laboratory.
Georgian Technical University
In 2010, Alex Gerasimov joined the Georgian Technical University (GTU). Until the end

of his life (2019), he was a Professor of the Department of Engineering Physics, Faculty of
Informatics and Control Systems, GTU.

Prof. Alex Gerasimov
at GTU (2018).

At the GTU, Prof. Alex Gerasimov led several important courses of lectures: General
Physics, Low-Temperature Semiconductor Technology, New Physical Foundations of
Molecular-Potential Theory, Nanophysics and Nanotechnology, etc.

14 https://doi.org/10.52340/ns.2022.01
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He combined such a rich pedagogical activity with the continuation of research. The
three university scientific-research grant projects that were carried out under his leadership in
these years are worth mentioning:

m “Determination of Nature of Dependency of Nanoparticles’ Properties on Their Sizes” (2011).
The posed problem was solved in the frames of the Gerasimov’s Molecular-Potential Theory.

m “Reduction of Cost of Si Photocells Production Technology” (2013 — 2014). Project realization
yielded in designing and constructing of the device for effective light exposing silicon films.

m “Creation of Test Heater Model with Maximum Performance Efficiency” (2016). A hypothesis
was proposed that the heater, as a quasiclosed physical system, allows inflow of energy released
during exothermic reactions associated with certain changes in chemical bonding in the
working body material.

Recognition

Gerasimov’s Electron-Potential Theory of Substance, previously called as Molecular-
Potential Theory, has gained its recognition at ICANMs (International Conferences &
Exhibitions on Nano & Advanced Materials), the too representative world nanoforums annually
held in Canada. He delivered Invited Lectures at 5th (2017 August 7 — 9, Toronto) and 6th (2018
August 6 — 8, Quebec-City) ICANMs.

Prof. Alex Gerasimov
At ICANM 2017. in Quebec-City, At ICANM 2018.
Canada (2018).

Proceedings of ICANMs are published by the IAEMM (International Academy of Energy,
Minerals and Materials). Three papers by A. Gerasimov are published in these Proceedings:
m A. Gerasimov. The role of chemical bonds in nanophysics and nanotechnology. In: Proc. 5th
ICANM, 2017, Toronto, IAEMM, 95-103. — Invited Lecture
m A. Gerasimov, D. Buachidze, K. Gorgadze, G. Kvesitadze, M. Metonidze, T. Sadunishvili, M.
Vepkhvadze. Role of chemical bonds in the physical mechanism of heat capacity of
nanomaterials. In: Proc. 6th ICANM, 2018, Quebec-City, [AEMM, 39-42.
m A. Gerasimov. Crisis in modern physics and nanotechnology. In: Proc. 6th ICANM, 2018,
Quebec-City, IAEMM, 93-105. — Invited Lecture

https://doi.org/10.52340/ns.2022.01 15
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Besides two more oral presentations were done:
m A. Gerasimov, G. Chiradze, M. Vepkhvadze, K. Gorgadze. New mechanism of “anomalies” of
phenomena associated with atoms’ displacements in nanomaterials. — JCANM 2017
m A. Gerasimov. The new mechanism of heat capacity and heat conductivity of nanomaterials.
— ICANM 2018

Scientific legacy

Scope of scientific interests of Alex Gerasimov was too wide. It included: solid state
physics, semiconductors, microelectronics, nanophysics and nanotechnology, radiation physics,
etc. In his last years, Alex Gerasimov intensively developed own Molecular-Potential Theory
(or Electron-Potential Theory of Substance).

In total, Alex Gerasimov (co)authored about 250 published scientific works. Among
them are four monographs:

m A. Gerasimov. Low Temperature Technology Fabrication of Semiconductor Devices. 2005,
Thilisi, TSU.

m A. Gerasimov. Introduction to Nanotechnology. 2009, Tbilisi, GTU.

m A. Gerasimov, M. Vepkhvadze. A New Mechanism for Dependence of Properties of
Nanoparticles on Their Size. 2017, Thbilisi, Nekeri.

m A. Gerasimov. Physical Basis of Molecular-Potential Theory. 2018, Tbilisi, Nekeri.

He participated in around 50 conferences and obtained around 10 invention patents.
Alex Gerasimov is author of the scientific discovery: “Exoelectronic Emission of Solids”
recognized by the International Committee on Scientific Discoveries in 1998.

Alex Gerasimov led number of research grants projects financed by American Physical
Society (1993), Science and Technology Department of Georgia (1996 — 1997 and 2005),
Georgian National Scientific Foundation (2008), Georgian Technical University (2011, 2013 —
2014 and 2016), etc.

Alex Gerasimov obtained scientific degrees of Candidate (1975) and Doctor of Physical-
Mathematical Sciences (1988) in Solid State Physics at the Tbilisi State University.

He was a member of several academic bodies: Academy of Natural Sciences of Georgia,
Academy of Engineering of Georgia, Scientific Council on Physics and Chemistry of
Semiconductors at the USSR Academy of Sciences, USSR Methodology Council on Teaching
Microelectronics (since 1985, several All-Soviet Union educational-methodological programs
have been developed with Gerasimov’s co-authorship), etc.

During his work at TSU and GTU, Prof. Alex Gerasimov rose several generations of
physicists, up to 25 candidate and doctoral dissertations were completed under his supervision.

In 2005, Alex Gerasimov’s scientific-pedagogical work was recognized with the
Academician Ilia Vekua Award of the National Academy of Sciences of Georgia.

Georgian Nano Techs
After 1st Georgian Nano Tech held in 2010, Prof. Alex Gerasimov initiated that the next

nanoconferences in Georgia be held by the Georgian Technical University regularly, every two
years.

16 https://doi.org/10.52340/ns.2022.01
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Since the 2nd International Conference “Nanotechnologies” (Nano — 2012) was planned
practically in the same period as jubilee conference dedicated to the GTU 90th anniversary, it
was decided that Nano — 2012 would be held within the framework of this multidisciplinary
international scientific forum — as its one of the sections. Alex Gerasimov was Chairman of the

Nano - 2012 Program Committee.

Nano - 2012: Discussion after presentation, Nano - 2014: Alex
Alex Gerasimov and Ilia Lomidze. Gerasimov at registration.

Nano - 2014 Poster Session: Nano — 2016 organizers:
Levan Chkhartishvili
and Alex Gerasimov.

Nano — 2018 International Scientific
Committee Vice-Chairmen: Zurab
Gasitashvili and Alex Gerasimov.

At Nano - 2014, 2016 and 2018, Alex Gerasimov was a Vice-Chairman of the
International Scientific Committee and Chairman of the National Organizing Committee. GTU’s
series of Georgian Nano Techs initiated and organized by Prof. Gerasimov attracted researchers
from many leading scientific centers of the world and Georgia and played a significant role in the

Nano — 2016 Plenary

Alex Gerasimov and Session Chair:
Levan Chkhartishvili. Alex Gerasimov.

NANO 2018 5th International Conference “Nanotechnologies ”
S T ety Organized by the Georgian Technical University

Certificate of Participation

Dr. Sergey Kolotilov

FOR THE PRESENTATION " COORDINATION FOLYMERS WITH C, LN CORES AS & BASIS FOR MAGNETIC LUMINESCENT NANOHATERIALS'.

‘THANK YOU FOR YOUR ACTIVE AND VALUED CONTRIBUTIONS TO ADVANCE SCIENTIFIC EXCELLENGE IN NANOTECHNOLOGY .

by

Nano - 2018 Certificate of Participation
signed by National Organizing
Committee Chairman Alex Gerasimov.

development of nanoscience and nanotechnology.

https://doi.org/10.52340/ns.2022.01
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Social activities

Alex Gerasimov was distinguished by his active public position. In 1997 — 2003, Alex
Gerasimov was the Advisor of President of Georgia on National Minority Issues and Ethnic
Relations. From 1993 he was Vice-President of the International Committee of Public
Diplomacy, as well as a Member of the 1995 Georgia Constitutional Commission.

/ e .
At meeting of President of Georgia
Eduard Shevardnadze with
President of Ukraine Leonid Kuchma.

Alex Gerasimov’s activities in academia, industry and public relations were recognized
be state awards: Order of Badge of Honor, Conscientious and Valorous Labor Medals.

In the last years of his life, after a great personal tragedy — the death of his daughter —
Alex Gerasimov became a deeply religious Christian. Over the years, he was a member of the
board of the International Center for Christian Research under the Georgian Orthodox Church.
In 2012, with his excellent lecture “Orthodox Teaching and Science”, the Center’s regular
scientific seminar “National Identity in the Context of Human Values” was launched. He led the
theme “Faith and Science” until the end of his life. Alex’s active participation in international
seminars and symposia organized by the Center and his unique personal charm significantly
contributed to the success of the overall work.

Outside of work

According to his CV, Alex Gerasimov’s hobbies were basketball, tennis, painting and
philosophy.

- Gt ) T
= o, Y S
St A ‘

MR

agues of Gerasimov’s Department

Colleagues of “Mion” on
at “Mion” on excursion to Nikortsminda. excursion to Samshvilde.

Colle

18 https://doi.org/10.52340/ns.2022.01



G. L. Japaridze & L. S. Chkhartishvili. Nano Studies, 2021-2022, 21/22, 7-22.

Chargali: Nana Alania, Galina Offengaim,
Nugzar Dolidze, Nana Gerasimova and Alex
Gerasimov. To play football at Aragvi riverside.

L N / i
Zurab Gogua, Zurab Jibuti and
Alex Gerasimov. When already
working separately and had not
seen each other for long time.

Alex Gerasimov and
Sergej Maksimenko at
Nano - 2016 banquet.

GTU nano 2021

Alex B. Gerasimov passed away on May 3, 2019. With his death, Georgian science
suffered a heavy loss.

Georgian Technical University held 6th International Conference “Nanotechnology”
(GTU nano 2021) in memory of Professor Alex Gerasimov, initiator of GTU’s nanoconferences.

The virtual meeting was opened by Prof. Zurab Gasitashvili, Vice-Rector for Science of
the Georgian Technical University and Vice-Chairman of the International Scientific
Committee of the GTU nano 2021. In his speech he emphasized:

“We hope that at this GTU’s conference the main directions of future nano-research will
be determined and the discussion held here will give a significant impact to mutually beneficial
cooperation between universities and research centers of different countries in the development
of new nanotechnologies. Professors and researchers in the field of nanotechnology of the GTU
are ready to actively participate in the fruitful work of the conference. The 6th International
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Conference is dedicated to the blessed memory of the Professor of our university — Alex
Gerasimov. Professor Gerasimov as scientist, teacher, and organizer of production significantly
contributed in development of nanotechnology and nanophysics, training of young personnel,
and construction of the electronic industry in Georgia. He initiated the transfer of

nanoconferences to GTU and afterwards made a lot of efforts for their successful
implementation.”

Prof. Zurab Gasitashvili’s
Opening Speech.

Regarding other important points of the Conference, as Prof. Zurab Gasitashvili noted,
the sessions’ program included 65 invited, oral and poster presentations. Organizers of this
meeting were honored that 40 leading scientists from 21 countries have agreed to join the

conference International Scientific Committee — many thanks to all of them for their assistance
and contribution.

i
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Professor Alex B. Gerasimov (1936-2019)
Long and great life in Science

Invited Lecture by Prof. George I. Japaridze
devoted to Prof. Alex Gerasimov'’s life in science.
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Life path and scientific works of Alex Gerasimov was presented by Professor George
Japaridze (Ilia State University, Tbilisi, Georgia) in his Invited Lecture: “Professor Alex B.
Gerasimov (1936 —2019). Long and great life in science”.
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minashvili % Olena Lavrynenko % tamar dundua % Lia Tchelidze % Matia Barbakadze

Screenshot of one of moments
of GTU nano 2021 virtual meeting.

Prospects for Gerasimov’s molecular-potential approach to nanotechnology were
presented by Prof. Levan Chkhartishvili (Georgian Technical University, Tbilisi, Georgia).

In analogy with well-known “Molecular-Kinetic Theory”, Alex Gerasimov called his
approach to the nanotechnology as “Molecular-Potential Theory” (later called as “Electron-
Potential Theory of Substance”). Actually, it is not a theory, but a powerful semiempirical
method allowing a quite good general description of the complex of physical properties of
substances, in particular, nanomaterials. Below, key issues of the approach are briefly
formulated.

According to the Gerasimov’s molecular-potential approach, all the properties of a
substance, which is a bounded system of atoms, are determined by the chemical bonds between
constituent atoms, i.e. are valence electrons in bonding or anti-bonding states. In the
equilibrium, all the valence electrons are in bonding states. But, under various external
influences part of them transits into the anti-bonding states. It changes the system properties.
This statement means not only thermal (heating), but all the possible types of influence, e.g.
irradiation with light of relevant wavelength.
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In nanomaterials, ratio of numbers of surface and bulk atoms strongly exceeds that for
macroscopic specimen of same material. Accordingly, because of breaking chemical bonds in
nanomaterials are palpably weakened. This explains changes in materials’ properties at
increasing in their dispersity, e.g. lowering of melting point in nanomaterials.

As for the validity limits, for Gerasimov’s molecular-potential approach, they should be
defined in the near future.
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653G™ddo §o6rdm©ygboos 3OMIBILMEO sergdlo ggMollodmgzols s dolo 33eg30mo
X31RB0L dogH 999993539090 SHEgdMMo doamds bobgzs6ms0EHMmgddo dobstgzgdols
©OoxMHBool  3MM3EgLYOoL  sMigMolsdo. d0bs0g3900L  BsMmM  13gdGMOLIMZOL  SMOL
dgbfogeomo Ge, Si, AUBY, AIBY! oo AVBY Bobggo600@EHocvgen dsboengddo ogwHools
3093303096@9d0L ©sdM30009dgds 3OHMEgLOL Fobbm®mE0gmgdol dmgwr Moy 306MHMdGOBY
@, 3oBLH3MMIMYO0m,  BJI3ZIMGHVIMSDY.  BoBHoMGOIemos  sbserobo, vy Modgbs
LEOMPYMBOOS  Fgbodegdgwo  BEHIBIOGHMO BOBOZMNOHO IMPIWIO00  S0bLBSL
Bobg35609BHoM9000 3065693930l OBMNDBoOL  3Mm9B0(3096GHJIOLIMZ0L  ITDYHOO
3H9939M5GHMOME0  ©8M30©JIGdgd0L 1530L90MYdB0. MYMOOWWs bsB396900,
Omd  bobgzom00@sMgddo  doboMgzol  oRMBool  3mgn03E0gbEHOL  360dzbgEmds
©53M3009d0s ImEgdmee BsHg39MQsdBHMTo dobsdgzol 9bgMaqE03Mwo  ™bygdol
©oLObgdol  bomolbBg oxzMbommo 3OHMmEgLol 8080bsMgmdol  GgddgeedIMsbY.
bbgoa39M0@ GMI 3md3sm, bBobg39MQ59BHMgddo  d0bsMg39d0l  ogMBool  LoBdstgls
29bLsBE3EMO3L ol JodowGo  0dgd0, GMmIwgdog HoMmImoddbgds  Bobstgzme o
360LESMOHO ToGHOO0L 5EHMIGOL IMEOHOL ORMBOOL FHgddgMo@IMsDY.

36RO sargdlo  29Mobodmgol  bodgabogmm  BmE3shHgmds  ™s309639
53930060900 0ogm  Bobg3z5MA5dBHIMWMr  ToLoergddo  MOOS(30I0  IRBIJEHIOOL
1300327900 130L90900L5 S 396900l FglHogurslimsh. gl MgdsEH03s o30LM35 dMO(3I3L
Bobg3569993H9M9030 ©9n9dBHIO0L (Fsom ol JodoGol) §oemdmddbol, oxzmBools ©s
G®9bLRM®As300L 3OMEgLYOL [1]. 599sb 498MmIEObsMY, d93bogML dMbgdcmozs oRbs
06@96Mqbo 9o Lo J5M3390I0Ym BIHG39MRTEHIMIME Fsborgddo dobs®mgzqdol
©OoxMHoMO 36Om 399030 s I9dobobdgddo.

§0bs0gds6g BodBmdo gbgds 3MHMA. o. ggcsliodmgzols s dobo Ladgbogmm xamnol
doge 999m853900  3mb639BE0sL  0ToL  MOMdIDY, ™) OB BIBGHO  dobsergzmeo
5GH™dgd0l M5 B0B03MNOHO0 130198900 4oBLEBOZMZL BoHY35MRTEHIGME ToLogddo Fo00
3955 P0900L BoBJoMgls [2 —5].

©ox")Hool 3OHMEJLO, OHMYMO bobg356MESMMEO ToLoegdol gROMgdol bg®dbo,
d93509M9d0l FbEOO3 99EH0MMo® glHogerol Logbs 039, F9BLOIMPMYdIM s ol T9IIR,
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o3 Lo Lsm3mbols 50-056 (ergddo bobgz56sdESMGdOL d5Bobg dgoddbs 306390
90360mggdBHOmbmmo  bgwlsfiymgdo. ©oxzmbBool 3MmEglgdol  sdfgd w936y
dm9gddo  2obbm®mE0gwgdos  I3IrMmds, dMobsbmlL  3MmMgesEos, ghmo dbGOg,
Bobg30659BHoM0l 8995003969 5G™IGd0oLs s, dgmeg FbMH0Z, WOBYBIBEHO 9EHMIGOOL
0lgo BoH03ME FobolosMGOGIL TMEOOL, HMAMOOEGS SEHMINOHO M) 0MbMOHO MSEOmMLO,
999dG®™bol 89(9y30egdol MbsM0, 9e9dGOMMIOYMBOMMDS s 5.9., s 53 oo S0bLBSL
3500 0xYBool LoRJs69gdL IOl d9bodbmeo Abgsgligdgdo, 0¥y 4sblbgsgqd9d0.
3mMmdEbgb Mo 3mbB3MgBHME  babgz9M5dBoMme  Foloesdo  @oxkbBIbEHo
9999563900l 93009  xXaBdo 490339 39bMBBMTogMHgdsl, 396  sbgMbgdbgb
©oxMHool Jglodsdolo ImYEgdol 2obbMsIdsl OGN DbEHJdOL doge b3gdBHOBY.
5699 56 5MLYIMBIPS JHP0bo FMEYero, HMIGE0E SbLBOWY, M) GOEHMBsS JMPNOWI0Y039
d0bs®93mwo  sGH™MIoL ORMHBool 3950309630 39MObICMMIE  oblbgeggdmo,
3525omo©, obgmo  Abgoglo  BoDozWGo  ™M30L90900L  IJmbg  bobgzsGYE IO
dsboEgddo, MMAMOOEss Ge s Si, 96 Mo@MI 593l 9MH0o0x039 bobgzs6MYE IO
Asboensdo 9339060 goblbgsz9dwo ORMBoOL 3Mm930(3096(3Jd0 d9bgw9g9g30L Jodor®
99d96@ms 39Mr0Mmo LolE ol JMM0I0R039 X3ROV gargdgb@gol [6 — 15].
39630bowmm 3mb3M9Eo Fogow0mgdo.

3003 YMm0 Bobgz5MAIBHIMgd0 Ge s Si d9bgwgg30L LolEGgdol IV xamxzol
99996390l HoBmoagbl. 99 B35@IMJOm  9bsEoBL, ) OoBYDBooL  BMYMGO
3095303096&900 593L I — VIII %9530l 9009896390, 033900905 356mbBMmT0gMgds, HmA I s
VIII xamx0L  gargdgb@gdobomgol D ~106-10-°1d/Gd, 6o Lowowolb 6-7 Goyom
509953 90s 1II, IV s V %3950l 90093963930l 00g3«Bool 300953030963 9L. 90bodbyew
9539JAL 3930069096 03 A9MgIMgOSL, g Modgbo dgoglo 96  2oblbgsggdemos
©OBYBBEGH0 95@GHMIoL o9 gargdBHOmbmEo asMlo Ge-oby s Si-ob  gEg@OMboyew
235MLYdMsb d0ToMrINGOOm.

390000535H90005 OB D00l M0 39J560BAdOLs, HMYMEMO3S9: 3356dmMETMEmOlO
BOIOPPOGDS,  ROISPAO0Gds  35350L0gdoL  aBom, 5BHMIGOOL  F0gmH 5P OOL
WMo @ fOHommo 45331900,  JUAHOIBIGO0  oxMDos,  OLM30530MO
29IOPP0WG0S,  OGRNND0s  A963MEMd0  ©IBIJHJOYY  (OLEMIs30gd0,  Fymdob
©99399AHJ00, 35M33¢gd0L LEHWIMYIOO S 5.9.). Y39 59 ORMYHDoMGO d9Js60BToLsmz0L
360036903560 339dBHMM05 ORMBIBEHO 95EHMIGOOL Bobgz5m59BHIMOL 3356dM5TMEOL 56

339609080 ymabob senrdsmmdgdo.

bgdmo  dmygzs600  oRWBool  3MmnR030963HJOOL  oblbgsggdol  SLeblbgws
3900056 08 IMBsBMHYO0B, HMI FJobs6rg30L SEHMIo OBYBooL Mmgbdo Fgodergds
29I9PP0EIL  OMAMmOE  dglgMol  3396d900L  ABom, OMEILIE SPRAOWO  O(339dS
d9BMdg MG 5SEHMIMD 96 35356L00LMD, obg — 3396dMsTMEMOL LogMgdo.
3396d30  dmbgzgo®olol  dobsdgzmeo  sGHmIo  F993Ids  9FgemML  Jodoymo BT
doM0mOE0 5Ll 4 FgBMdGE 5SEGHMIMb. sbgmo 03gdol Fomdmddbs byl MHymdL
90656930 5GH™MA0L ogm3bgdsl 3356dd0, MoE, ™og30L FbMOZ3, 9830MIOL oBYHBoob
LoBRdo®l. 353956L0wME F9doboBal LmOgsE MBRO™M oMy oxMHBool 3Mmgx0i309630
5bsL0sMYOL, 30006 3396dMsTMMOL d9gdsboBal.

Ge-bo o Si-b qo6g 800Dy 4 — 4 gagdBH®mbo 5J3L s?p? G030l dymdstgmdgddo,
OHMI9do3 Jabolb sp? 30d6MH0EME 3HYGHMIJVOWE MEODBOGEIWIOL s sbMOME09wqdL 333039
0390l 39BMdg 4 5GHMIMB. 039olbdgds, MmA, MoYbsg I s V xqmz30L gargdgb@gdl

9336939 s S P J9JBHOMBYd0 593L, Fomo3 MbS 3JMbIL 3M35¢IbEHMMO MOBOGHJIO
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obobog Mbs Jabogl 8d9dL 339609080, o3, 930l FBEOZ, Psbs30MHMDIOL OB BoOL

3098303096@& 900l Lod0MgL.

I s VIIT %3950l 3065609390l o3l s, Boa®sd 565 — p Logsegbdm 9wgd@®mbgdo,
OMIgdog LBoFodOms 30300o 33900L Fo®dmboddbgws. dglodsdolo, 3396d90d0
3500 ymxbs 5M0LEH00WIM0S S ORWYDBoolL 3OMEglo doMHOMIs© 3356dmMsTMGOLO
394obobdom  bmdE09w©ads,  ®o3  2965306MHMdIdL  @oBBool  3mgn03E0gbEHIO0L
3905609000 Fowse» 86093690 md9dL.

B90mom dmyz356000 oxYBool 3mgR03096E9d0L LoEOWYdTdo Foblibgzszgdols sblibs
WMR0399M05, FogMod 3OHMA. 5. 4gMolodmgzols s dolbo Lsdggbogdm xawmxaol dogh
BoBoM9dMds  9BoeoBds  200magwobs Moo  Lbgs  9dudgModgbG o 3ogGgools,
OMIgdoE 3960 X©IOM©S S©0bodbme dmEgergddo s dmombmgs dsmo dobyHgdol
©50bsl [2 - 5]:

1. Zn-by s Cd-b, GMIWgdog 9Jwgdgb@oms dgMomomeo LolbEgdol II xamaxl
909379536905, o, AbyogLo VIII xamaxzob 9egdgb@gdls, dbmerme 2s gemgd@embo
593L bogogb@m gDy, Si-do ORMHBoOL 36r15d3H03Ws© 03039 3M9B0(3090GHO 593U,
Omamomag I s VIII x39x30l 9e0gdgb@gdl, 9sa®msd Ge-do — obgmogg @odsro,
OmamOa II s V %3530l 9093963 90L.

2. Fe-bs @5 Au-U Si-8o 943l 253009000 “3dm 500 oxM)HDool 3mgn03096G0,
300069 Ge-do.

3. Cu-bs 5 Au-b Ge-do 5J3b 2930930 MAOM FoMOO ORMHBooL 3Mgn03096G0,
30069 Si-do.

5060360 ©s oRMBooL 3MM3gLlol LoBJsMgdOLM30L Tsbolinsmgdgawo Gogyo
bbgs 0530193990 09d0L SLoblbgs . ggMolodmgds 3MmEgAJOMSD JOMOSE YMIMIOS
905Jgos 08 RoJ@L, MHMI oRMmBool 3MmEgbdo gls v ol dobstgzo Lb3zsILbIS
Bobg356959BHoMmd0 Bb35olb3s MbEH¥O JaMTsMgmdsdo 08gmEBIds S, 9LodST0LO, J9MY
969%g 99436 9gw9gdBHOMbms  2oblbgzezgdwo  MomEabmds  (8ddgwo 9w gdB®™™bgdo).
oMM, FOPIT0MS:

L. Zn s Cd Ge-8o §dbol 2 — 2 59d393@GH™OH)er mbgl Ev + 0.03 s 0.09 93 s Ev + 0.05
@5 0.1593, 9gbodsdolo [16]. ©OBMBool  3H9d3gced sy ®mOm03g ©mby
00b0HgdMos s gb 993963900 CORMBPOMYdIE, Mmam®E Zn - s Cd~ ombgdo
3969 IOl s2p? 3mbgx304M3000m. F585LosTY, 04dbgds sp* 300MHOYICO 353006MGdO
Ge-0ob 99BMd9w MO 5GHMIGOMb. BHMOY© 5d0M05 J9630MHMdJdMOo Jomo
Ge-80 oxmHBool 3983030963 900L IdsEo 8b0T3z69wMdgd0.

2. 03039 90bs69g3900, Zn s Cd, Si-do odwg3zs ©@mbggdol Ev + 0.31 o 0.67 93 oo
Ev+0.55 s 0.67 93, d9bsdsdobo [17]. @omnwbBool 306Hmdgddo Zn-U osJal 3
99dBHM™bo 3569 IO)Hg, bergnem Cd-b — 2. gl goblibgoggds 296530MH>MdYOL o0 MFIGH™
LPOOR  oxgybost Si-0o, z0wMg Ge-0o. SbsEMA0MG  SBswobL Si-do  Fe-ol
oRYHBool 3OMEgLoL 80dsMm 80394s35Mm 00 133650, GMI o Fotg MY
dbmn 1 gwgdBHembols sGLYdMOS Aobs30MHMBIOL MROM  FoMsw  ORYHBoOL
3M9%803096@L, 300069 Ge-Jo.

93300935005 Xaids> d0dd30s 93MIM39 YMO®Ids 03 BodBL, MMI OHMmEILs3
bgds 99096505 00 306560939008 O0RMHBOOL 3093030963JIOLS, OMAGOLSE Mg FM9g by
9994 GHOMbgdol 9HMbs0M0 MomEgbmds 593l, 360d3bgemzsbo bgds dsmo ogmBool
3396dm53mMobo 39ds60Bdo, Lo SOLYIOD OHMEL SLEOWEIGOL 5MS B0 FYGHOSJOOENO,
5659900 — 5GH™INO0 56 0MmbMMHo MoEoLgdO.
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5060360 EILEMOIOS, FoQO0MO, Ge-3o I xamaol gwgdgbdgdol — Li, Cu, Ag
@ Au - 65©0MLgdol  BOoOm  EoRMHBool  3m9B03096GHJdOL  3B0T3Z6gEMdSMS
399306090580 300OHJWS3000.

gmggeogg  bgdmo  »gdmeeds 933w9390ms  xaiLb  dobEs  Lodmeegds
Bodmagoe0dgdobs 3063398305, MMAOlL Jobgz0ms3, Bobgz9MsdEHIMgddo dobstmgzqgdol
©oxYbool  3m9303096¢0L BOOY IIM30YOME0s FME3gIME  BobY3MYSTGSGTO
90b65693900L  9w9d@GH®MbMwo  9bgME03MIo  Mbggdol  olsbegdol bsMobbbg od
A9939609GHM0L 3060HMd)0do, MHMIGDBIPI3 GIMPIOs OB DOos. 353505 Tgodegds
0md35L, MM Bobg3z5M59BHMddo d0bs3900L OBMYHBoOL LoBJsMgl gobloBE3MLgL ob
6goOo  JodoMo 393000900, OMIWIOLSE  SbBMOE0gEgdl  JobsMgzro  9EH™IJdO
3M0LEMOHO ToGHOOE0L 5BHMIJPMD OBRMYBOOL BoEIMGOOL FHgd3gMoE IMHgdbY.

OMaMOE BgImm 000935, CORMHool F9dmmez35Hgdero dmgero 993485390990
oym Ge-by s Si-8o F0bs693900L ORYHBoOL 3MM(3gLYdOL  bsEOBOl Borwdzguby.
030Lm30L, O3 EO0RMHBoOL FMEIEO 56 5BHMJOEIL 39MIM bolosML, 00 LsFsOMNE 06O
mbs  0gmb  gzgws  3bmdowro  bobgzsmsd@sMeo  Bsbogrolomgol.  d9dymddo
b. x00BHOL 30960 ©OoRBooL s0bodbwo IgdeoboBIol LsTsMMWOIBMds Fgdm{dgdmen
0dbs AMBY, AIBV! o5 AVBY 3odols Bobgzotmgod@otgdolsmgol o 49390©s ©ali33bs, Gmd
©OoxHool HBgdmmdmyzs60eo dmgero w6039MHLEEIME bollosml 5@scgdls [18 — 20].

©@oRYHBool  50bodbmo  dmEgEol  TSEILEHMGOI  BOJBHIdI®©  Tgodgds

Bsomzommb olog, ™I (oMmdmpygbowo dmEguol RsGywgddo dgladergdguo 2sbs

SblBoogm Moo 30B03MMO 3OM(39L9d0Ls BoHY35MRSTFHIMYIT0, MHMYMEOO35S FoYIWOMS:

1. MbMOMEo  J0bs6g3900m dwogh g0 dMeEe  Si-do 5RO 593l MJdM™l
blbsmdol 8339006 BEOSL. B39 gdM030 CORWYHBoOL 306MHMddTo Au-l, Hrmymes
I %399530L gargdgb@b, o699 8M9Bg 9HP0 99dG®Mbo 593l s FgHBMBYE 5EHMIGOMI6
Sb®E309Ww9dL 35330690l FbmEmE 53 JOHMO grgdGHOHmbom, Mog MOOHMbzgwymals
Au-ob ox"Hools oo 3m91303096EL Si-0o. dgroge wgrocmgdmee Si-8o ggcmaol
©MbYy 290L $30Mds M BMmbsdo obyg, O™ Au-ob 5J33GMOHwo mbg Ec —0.54 93
00b60DgdMos s ¥390L 3356d00 339 2 9 9dBOMmbom sbme09wgdlL. gl 0fi393L
Au-ob 59BH035300L  9bgMRo0l MOX IO QDML s, TJuodsdoLO©, ORMDBoOL
309803096@0L 99930609351, Mo3 s0dDoMYds 9dudgModnbE by [4].

2. ©989JBHJO0L  Fo0dmdabobomzgols  LoFodhm  Dpgzhmbdg  bogergdo  9bgdaool
5053008 930609 ©MBoL IMJdggdolsll sEAOWo g3l 9.5, M9OsEOYICS©
UGH0IMNOMGIMY  EOBNYDOSL.  MOOS3000  LGHOTMNWOMHGIMWO OB DOl
39000535H90@0 894960Ddo 08530 IEAMT>MIGMOL, MM ORMBoOL 5gE035300L
9696300 93000909905 00 3MB63MYGME 306HMdYODY, IO FoblobrzMagl
©OogN)HbEHOL 03 FoBMOELMD OBMNHBOOL 30OHMDYdT0. MoEOsE00L JmJdgEgds
003936 ©93535300609090  Jodomo  dGOOL  290Y39BOL o 5F93MMMS,
36MH™m3EqLoL 8080bsMYMdOL 39d3geMod Mol (530MdswmE Bmbsdo BgMAoL mbol
900905MgMd0L)  om35cobobgdom, gologgdo BYds OBMYHBooL 3Mmgz03096¢OL
9600836900Mmd90L M0l goblbgoeggds [3].

3. Ge-bo o Si-Bg 5053008 dmddggdol 3Mmagldo domgdmewo 9dudgModgb@mwo
09092900  099fiygds, Mm3 53  Bogmogmgdgdol  89ds9bgwo  sEBHMIgdOL
030007 HBool  3m9n0306GH00 Loool  2-3 Gogom  509g3s5@gds
09030z D000 Jogdme d99agdL. gb BodEHo dbgers sLsblbgero ogm Bgdmo
9my3560mo  ©oxYHBool dmEaEol Rsdywgddo. 0dzs, bsB3zgbgdo 0dbs, GM™A
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50b0dbMo 9539930 oRMHBool JGuBHIRIGHWMO 39dsboBTom s0bLbYds, GMIwols
OMLY3  9©Q0wo 53 36@gwmo  33956dmsdmEmolo  3mbgoamGsiool
3959 R0GOSL.  9.0. OBMYDBOWOO 3OMEILOL 9RIJAHMO™IOL  gobdLsbwzmgwo
339dBHMO05 COFMNDbEHOLS S JoMOMoo IGuMOL 5EHMIGOL TGOl Ho®dmddboro
Jodow®mo 33900L LodeogMy. ORMYHBoolL SPbodbmEo d9dsboBdo gl obgmo
3396d58mMobo  5GHMIGOOL  ORMBOSL, OMIWIO0E SMIROHOD 6 A5bLb3s390s

dglOOL  OYYMESOMEO  5GHMIGOOLOIYID O MY NMO OOl MO AIMIZJ IO

60056900 5@™Igdol OoRWHB0s (OoRMYHBooL 3wsbolzmMo gdmbgzgzs, Bowos

A0 5d3l  FSLOL  oOBHIbSL), 9MsTgE — SBHMIGOOL Togh 93939090

3396d08mMobo  IAMIsMIMBIOOL 25obs(33w 0L oMoy gbl. gl FmboBEOYOS

LGOS 9Ju39MH0TYbEHo dmbsi3999000 [5].

9900ddo, 36MHMmRP. 5. ggMslodmzols s dobo  3Megagdol  IMegz5wfherosbo
Lod9EbogH M FMFomdol 39M0m©Ao FobbMmM30ggdMwds 9Ju3gMH0dbEH™MEds 33193000,
HMIWgd0E 3MMYWMIES 19653390058 OB DONE-5d3H0353096 3OMELYOMB, Bsmes
9B3965  Bobg3565939M9dd0  ORMBoEO  3MME9LGO0L  308O0bsMgMdOL  BsmgdIMO
b930L LsFoMI0sbMds [18 — 27].
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Abstract

Authors report the synthesis of nanocomposite hydrogel as an antibacterial agent. In this
work, the nanocomposite hydrogel was synthesized using freeze-drying method by blending
Aloe vera, chondroitin sulfate and nanocellulose. The synthesized nanocomposite was
characterized using Fourier transform infrared (FT-IR), scanning electron microscopy (SEM)
and thermogravimetric analysis (TGA). The evidence showed that there is a noteworthy
chemical interaction between the Aloe vera, chondroitin sulfate and nanocellulose. In addition,
equilibrium degree of swelling of nanocomposite hydrogel was determined gravimetrically. The
antibacterial studies of Aloe vera / chondroitin sulfate / nanocellulose nanocomposite hydrogel
was evaluated against Escherichia coli (gram-negative) and Staphylococcus aureus (gram-
positive) bacteria. The results illustrated that the nanocomposite hydrogel has good
antibacterial activity against gram-positive and gram-negative bacteria and can be suitable for
antimicrobial applications.

1. Introduction

Hydrogels have been defined in many different ways by researchers over the years. The
most usual of these is that hydrogel is a water-swollen, and cross-linked polymer chains
produced by the simple reaction of one or a few monomer units. Another definition is that
hydrogel is a hydrophilic polymer that shows the ability to swell and retain amount of water
within its structure, but will not dissolve in water. Hydrogels have gained significant attention
in the past 50 years, due to their special applications [1, 2]. Hydrogel-based products constitute
a group of polymeric materials, the hydrophilic structure of which would make them capable of
holding vast amounts of water in their three-dimensional networks. Using of these products in
a number of environmental and industrial areas of application has a great importance [2].
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Hydrogel polymers are three-dimensional hydrophilic compounds that are able to absorb,
expand, and hold large amounts of liquid [3, 4]. Polymeric hydrogels have empty pores / spaces
between their cross-linked tissues. Therefore they can be used to synthesize nanoparticles and
act as nanoreactors [5]. Among the various polymers proposed for the preparation of hydrogels,
polysaccharides have many practical advantages over the synthetic polymers initially employed
in the field of pharmaceutics [6]. Polysaccharides contain more than ten monosaccharide units
linked by glycosidic bonds. Besides, polysaccharides can be obtained from various abundant
renewable resources in nature, namely plant (cellulose, acemannan, and starch), algae (e.g.
agarose, alginate, carrageenan, fucoidan, and ulvan), microbial (bacterial cellulose, dextran, and
gellan gum) and animals (e.g. chondroitin sulphate, chitin / chitosan, glycosaminoglycans,
hyaluronan, and heparin) [7, 8]. Polysaccharides, as natural biopolymers, are biocompatible,
biodegradable and non-toxic. Polysaccharides have a great number of functional groups such as
carboxyl, hydroxyl and amino groups that make them easily physically blended or chemically
modified [9, 10]. These characteristics together with their inherent and biological properties
proposed that polysaccharides are promising biomaterials. Hydrogels containing
polysaccharides have biocompatibility with the human body. Therefore they have been widely
used in biomedical applications. In addition, hydrogels are similar to natural living tissue more
than any other category of synthetic biomaterials, because they have high water content and
soft consistency, which makes them resemble natural tissues [11].

Figure 1. Schematic representation of Aloe
vera leaf pulp structure and its components.

Aloe vera (AV) is a natural tissue used to produce hydrogel. The Aloe vera plant is a
member of lily family which is full of juice and similar to a cactus. Aloe vera pulp consisted of
three structural components including the cell walls, the degenerated organelles and the viscous
liquid contained within the cells. These three components are distinctive from each other both
in terms of sugar composition and morphology [12] as shown in Figure 1. Many reports have
suggested that Aloe vera gel has numerous beneficial properties for wound healing, including
the abilities to penetrate and anesthetize tissue, prevent bacterial, viral and fungal growth, act
as an anti-inflammatory agent and enhance blood flow [13]. Furthermore, Aloe vera has been
used externally to treat kind of skin conditions such as eczema, cuts and burns. It is supposed
that sap from Aloe vera reduces inflammation and pain. It has antibiotic and antiseptic
characteristics which make it highly valuable in treating abrasions and cuts [14, 15]. /n vitro
extracts of Aloe vera motivate the proliferation of several cell types. Many studies have shown
that treatment with whole Aloe vera gel extracts resulted in faster healing of wounds [16, 17].
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The researchers have confirmed the effect of Aloe vera on increasing collagen synthesis and
wound contraction. This property is ascribed to the mannose-6-phosphate known to be present
in Aloe vera gel [18]. Polysaccharides from Aloe increase both the proliferation of fibroblasts
and the production of hydroxyproline and hyaluronic acid in fibroblasts, which play significant
roles in extracellular matrix remodeling within wound healing [19].

Chondroitin sulfate (CS) is a sulfated glycosaminoglycan that is usually found attached to
proteins as part of a proteoglycan. CS is a biopolymer which has different advantages such as
biocompatibility, biodegradability, availability, and highly versatility. CS is composed of a chain
of alternating disaccharide unit polymers of D-glucuronic acid and N-acetyl galactosamine
sulfated at either 4- or 6-positions [20]. Chemical structure of one unit in a CS chain [21] is
shown in Figure 2. CS is found in natural cartilage and other tissues, and has biological
properties including degradable, non-toxic, adhesive, anti-inflammatory, thickening, promoting
cartilage regeneration, and good biocompatibility [22].
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Figure 2. Chemical structure of one unit in chondroitin
sulfate chain. Chondroitin-4-sulfate: R1 = H, R2 = SOzH,
Rs = H. Chondroitin-6-sulfate: R1 = SO3H, R2, Rz = H.

Figure 3. Chemical structure of cellulose which
is linear polymer made up of p-D-glucopyranose
units covalently linked with (1-4) glycosidic bonds.
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Cellulose, as the main component of the plant cell wall, is a glucose polymer. Cellulose is
not water soluble, but it has many hydroxyl groups which cause to form strong hydrogen bands
[23]. Chemical structure of cellulose is shown in Figure 3. Nanocellulose (NC) has a high
surface/volume ratio, activity and crystallization ability. Nanocellulose has many advantageous
physical, chemical, and biological characteristics. It has good stability against proteolytic
enzymes, acids, and temperatures, and high biodegradability [24]. Nanocellulose-based
materials in general have high physical, chemical, electrical, thermal, and optical properties.
Moreover they have chemical inertness, mechanical strength, barrier properties, tailor able
morphological features. Their biocompatibility with no toxicity or low toxicity and with low
immunogenicity and their antimicrobial effects are amazing. In addition they are available,
renewable and relatively low-cost materials [25]. Among their properties, nanocellulose-based
materials have received much attention for antibacterial application because of their remarkable
physical properties, special surface chemistry, and excellent biological properties [26].

Nanomaterials with inherent antimicrobial activity or nanomaterials that can improve
the efficacy and safety of antimicrobial drugs are called nanoantimicrobials (NAMs). A set of
inorganic, organic, and hybrid materials can be considered in the NAM family [27]. Among all
the NAMs, hydrogel is a 3-dimensional network of cross-linked polymer that can swell
dramatically in the presence of an aqueous medium such as body fluids, while maintaining its
structure and controlling drug release [28 — 30]. Antimicrobial hydrogels can be coated on
central venous catheters, urinary catheters [32], joint and dental implants, contact lenses [32,
33], and local injection for drug release and wound healing [34], Moreover, some kinds of
hydrogels also have inherent antimicrobial characteristics [35, 36]. These properties have
gained considerable attention in the medical and pharmaceutical fields especially for
antimicrobial application.

2. Materials and methods

2.1. Materials

The materials used were nano cellulose powder (Nanosadra), chondroitin sulfate sodium
salt (Sigma-Aldrich), Aloe vera (Generic), Glutaraldehyde 25 % (Acros) as a cross-linker aget,
distilled water was used throughout this study.

2.2. Preparation of Aloe vera / chondroitin sulfate / nanocellulose hydrogel

Hydrogel sample was prepared using mechanical stirrer through cross-linking. 4 g Aloe
vera was initially dissolved in distilled water. 3 g nanocellulose powder was added to the
solution and stirred until homogenous mixture appeared. Then 0.2 g chondroitin sulfate was
added to the Aloe vera / nanocellulose mixture, under vigorous and continuous stirring.
Subsequently, suitable amount of glutar aldehyde 25 % was carefully added to the mixture of
hydrogel with continuous stirring as a cross-linker agent until a homogenous mixture obtained.

Obtained hydrogel was undergone to freeze drying for 24 h by means of a freeze dryer
VaCO?5 by Zirbus (German) company.
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2.3. Characterization

2.3.1. FT-IR spectroscopy

The Aloe vera, NC, CS and obtained hydrogel samples were analyzed by FT-IR
spectroscopy, using the KBr pellet technique. The spectra were scanned on a Jasco (Japan)
device, over the 4000 — 400 cm™ range at a resolution of 4 cm™.

2.3.2. Scanning electron microscopy (SEM)

After metallization with gold, the surface morphology of prepared hydrogel was
investigated using a scanning electron microscope (FESEM, Quanta 450 FEG — FEI, USA).
Magnification is given on pictures.

2.3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using Labsys Evo TGA by Setaram. The
profile of sample was recorded from 25 to 750 °C, under argon atmosphere. The thermal
stability of the hydrogel matrix was studied using the thermogravimetric data.

2.3.4. Swelling studies

Equilibrium degree of swelling (EDS) was determined gravimetrically. The hydrogel
samples dried to constant weight were immersed in the water at room temperature, for ~ 24 h.
The excess water was removed with a filter paper and the samples were weighed. The EDS %
was calculated using the equation: EDS % = (W. -Wa) X 100 % / W4, where, W is the weight of
the swollen hydrogel at equilibrium and Wa is the initial weight of the dried hydrogel.

2.3.5. Antibacterial activity

The antibacterial assays were done against gram-negative Escherichia coli (E. coli) and
gram-positive Staphylococcus aureus (S. aureus) bacteria by disk diffusion. The agar medium
was used to cultivate bacteria.

3. Results and discussion
3.1. FT-IR spectroscopy

Figures 4a—d show the FT-IR spectra of the NC, AV, CS and NC / AV / CS
nanocomposite hydrogel, respectively. In Figure 4a, the broad band at 3600 — 3000 cm™
corresponds to the characteristic —OH stretching from vibrations in the intra- and
intermolecular hydrogen-bonded hydroxyl groups in cellulose I. The band at 2901 cm!
associated with aliphatic saturated CH-stretching in the glucose units. Other peaks detected
contain the adsorption band at 1640 cm™ which is related to water absorbed onto cellulose. The
peak at 1430 cm™ associated with CH2 scissoring motion and symmetrical bending in cellulose I.
There are found the peak at 1164 cm™ corresponding to the asymmetrical bridge C-O-C
stretching from the glycosidic bond, the band at 1112 cm™ representing stretching of the
glucopyranose unit, and the peak at 898 cm™! typical of the B-glycosidic linkage in cellulose I
[23]. FT-IR spectra of the AV (Figure 4b) shows several functional groups that represents three
centered main peaks at 572, 1635, and 3454 cm™! and five weak peaks at 1041, 1251, 1402, 2065,
and 2351 cm™'. The widest observed peak at wave numbers of 2900 — 3600 cm™! was attributed
to the stretching vibration of O-H. Furthermore, a minor centered peak at 1402 cm! could be
related to the existence of carboxylic components. The centered peak at 1635 cm™ was
attributed to the amide I group [24].
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Figure 4. FT-IR spectra of: (a) CNC, (b) AV, (c) CS,
and (d) CNC/ AV / CS nanocomposite hydrogel.

FT-IR spectra of CS (Figure 4c) showed the characteristic peaks of absorption at the
wave numbers of 1236, 1420 and 1635 cm™ indicating the presence of sulfate, amine, and
carboxyl groups. The characteristic equatorial bending vibrations peaks of C-O-S was observed
at 825 and 875 cm [25]. In Figure 4d, the OH absorption of NC, AV and CSin NC/ AV / CS
nanocomposite hydrogel can be observed at 3396 cm™!, which becomes wider than that of NC,
AV and CS themselves. So the characteristic absorptions of COOH and OH in NC / AV / CS
nanocomposite hydrogel suggested the formation of hydrogen bond between NC, AV, and CS.
That means the existence of much stronger interaction between NC, AV, and CS in NC/ AV /
CS nanocomposite hydrogel. The absorption bands at 1635 cm™ could be characteristic of the
amide of CS in NC / AV / CS nanocomposite hydrogel. In addition, the band at 1628 cm™!
corresponded to the absorption of OH group of NC, which was seen as a sharper peak at
1635 cm™ in NC / AV / CS nanocomposite hydrogel may be due to the overlap of the bands of
OH group in NC and amide in CS [26].

3.2. Scanning electron microscopy (SEM)

The morphology of the resulting samples was investigated by scanning electron
microscopy. The pure cellulose nanocrystal shows an entangled network of fibrils that can be
seen in Figure 5a. In Figure 5b, it was shown that the layer of Aloe vera gel consists of organic
fibers and particles with crushed and irregular shapes. This may be because of the degradation
of the materials during the time [27]. The pure CS illustrated a macro porous structure similar
to grape clusters (Figure 5c). Forming networks is visible in the nanocomposite hydrogel
(Figure 5d). The lattice walls are rough in the nanocomposite hydrogel. It is due to the
interaction between the polymer chains.
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Figure 5. SEM images of: (a) CNC, (b) AV, (c) CS, and (d) nanocomposite hydrogel.

3.3. Thermogravimetric analysis (TGA)

TGA was carried out to evaluate the thermal behavior and compositional fraction of the
nanocomposite hydrogel. TGA curves of pure CS and NC / AV / CS nanocomposite hydrogel are
represented in Figure 6. TGA curve of pure CS particles shows a continuous weight loss of 9.5 %
that is attributed to loss of moisture. The initial weight loss which observed around 100 °C can
be related to water evaporation. There is a decrease after 195 — 385 °C that is obvious in the
figure. The thermal decomposition of the organic component in NC / AV / CS nanocomposite
hydrogel performed mostly in the range of 195 — 315 °C. Thermal analysis showed that NC and
AV molecules have been interacted with CS that can be affected on rate of decomposing.
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Figure 6. TGA curves of: (a) pure CS and (b) CNC/ AV / CS nanocomposite hydrogel.

https://doi.org/10.52340/ns.2022.05 69



Synthesis ... of Aloe vera / chondroitin sulfate / nanocellulose nanocomposite hydrogel.

3.4. Swelling studies

The chemical composition of the hydrogel components has impact on the swelling ratio
of the matrices. In the hydrogels system, absorption of solvent from the environment affects the
physical-chemical properties and dimensions of the pores of the system. The large quantities of
water attract and fast swelling in NC / AV / CS nanocomposite hydrogel can be related to the
existence of negatively charged functional groups in chondroitin sulfate structure, such as —
SOs- and COO-, which cause to swell the gel, producing a high concentration of negative
charge in the regions that contain them. The presence of ionization groups on CS chain causes
the strong repulsion of negative charges and polar groups so the network chain segments apart
and thus more water uptake into the hydrogels, so a higher swelling ratio was observed [28].
Also, Aloe vera can significantly increase water absorption. This behavior can be attributed to
the hydrophilic properties of Aloe vera, which may improve the hydrophilicity of the hydrogel
and enhance the affinity with water [29]. The EDS % was calculated using the above equation:
EDS % = (8.36 — 0.61) x 100 % / 0.61 = 1270 %.

The freeze-dried hydrogel showed an extensive and fast swelling which can be explained
by the morphological analysis (Figures 5a—d). As the hydrogel has interconnected pores, these
channel-like structures can attract the water phase in the matrix through capillary action, and
result in swelling by fast diffusion of solvent in the matrix. Morphological characterization
helps to explain [30] hydrogel properties like hydrophilic nature, swelling behavior, etc.

3.5. Antibacterial activity

The antibacterial activity evaluation performed on the nanocomposite hydrogel to
determine the ability of the nanocomposite hydrogel to inhibit bacterial growth. The
percentage of bacterial cell death describes the proportion of bacterial cells that can be killed in
24 h compared to positive and negative control. The negative control kills 0 % of bacterial cells
while the positive control kills 100 % of bacterial cells for both gram-positive and gram-
negative bacteria. The 7n vitro antibacterial properties of hydrogel were assayed against gram-
positive S. aureus and gram-negative E. coli bacteria by disk diffusion technique.

S. aureus, a major bacterium of the Micrococcaceae family, is part of the normal flora of
human mucous and skin. It is able to colonize asymptomatically nearly a third of the population
[31]. In the last two decades, the researchers have introduced S. aureus as a major etiological
factor of soft tissue and skin infections. S. aureus is appeared as the most common etiological
factor of hospital-acquired (nosocomial) skin infections and the most common cause of
infection in surgical incisions. It makes critical systemic infections in humans [32]. Fast
adaptation of S. aureus to environmental changes leads to impressive spreading in the
environment, infecting other patients in hospitals and the population outside hospitals.

Escherichia coli also known as E. coli is a coli form bacterium, rod-shaped, gram-
negative, and of the genus Escherichia that is generally lives in the lower intestine of warm-
blooded organisms (endotherms). Some species can cause some diseases such as diarrhea, fever,
vomiting and abdominal pain in humans [33].

Figure 7 exhibits the typical antibacterial test results of hydrogel sample against (a)
gram-negative E. coli and (b) gram-positive S. aureus by the disk diffusion method which
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antibacterial activity is measured by the diameter of the inhibition zone under and around the
tested samples. In this test, firstly, the tested bacteria were cultivated on the surface of nutrient
agar plates, and then the hydrogel sample was placed on the surface. After 24 h in 37 °C
incubation, no S. aureus and E. coli bacteria colonies could grow around hydrogel sample on the
agar plate.

The inhibition zone recorded for hydrogel sample against gram-negative (E. coli) and
gram-positive (S. aureus) were 13 and 10 mm respectively. Our results show that the hydrogel is
more effective towards the gram-negative bacteria than the gram-positive bacteria strains. This
may be because of the differences in the structure of the bacterial cell wall organization. In
addition to the fact that gram-positive bacteria have a thicker layer cell than gram-negative
bacteria, it acts as a barrier and protects the cell wall from the expansion of active component
into the cytoplasm [34].

S. aureus

(a) (b)
Figure 7. Antibacterial activity of hydrogel sample against (a) gram-
positive S. aureus and (b) gram-negative E. coli by disk diffusion method.

Antimicrobials can inhibit the growth of bacteria at low concentrations and kill bacteria
at high concentrations. The minimum inhibitory concentration (MIC) is the lowest
concentration of an antimicrobial ingredient that is bacteriostatic or prevents the growth of
bacteria. The minimum bactericidal concentration (MBC) is the lowest concentration of an
antibacterial agent required to kill bacteria. In our work, inhibition of E. coli bacterial growth
happened at concentration of 6000 ppm. For S. aureus, 100 % inhibition was achieved at
8000 ppm. The MIC value for S. aureus was greater than that for E. coli, indicating that S.
aureus is more resistant to hydrogel as an antibacterial factor [35].

Our results showed that the nanocomposite hydrogel has good antibacterial activity
against gram-positive and gram-negative microorganisms, using E. coli and S. aureus as models.
This antibacterial activity of hydrogel is attributed the antibacterial activity of each hydrogel
components.

Aloe vera has anthraquinone which is an active compound and structural analogue of
tetracycline. The anthraquinone acts like tetracycline that prevents synthesis of bacterial
protein by obstruction the ribosomal A site (where the aminoacylated RNA enters). Therefore,
the bacteria cannot grow in the media including Aloe vera extract [36]. Direct bacterial activity
via the motivation of phagocytic leucocytes to destroy bacteria have been ascribed to
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polysaccharides of Aloe vera gel. Also, Aloe vera contains pyrocatechol as a hydroxylated
phenol, which is known to have toxic effect on microorganisms [37].

Another component of hydrogel sample, chondroitin sulfate (a natural-origin
saccharide), is a noteworthy option as antibacterial agent, because the carbohydrate moieties
can cause both biocompatibility and hydrophilic features to the material surface [38].

In addition to antibacterial properties of Aloe vera and chondroitin sulfate, the third
component of the hydrogel, nanocellulose, have gained much attention for antibacterial
application because of their remarkable physical properties, special surface chemistry, and
excellent biological characteristics [37, 39].

4. Conclusion

Aloe vera / chondroitin sulfate / nanocellulose hydrogel was successfully synthesized in
this study using the physical-chemical method. Characterization using FT-IR, SEM and TGA
techniques showed that the nanocomposite hydrogel synthesized successfully. Swelling studies
showed that the freeze-dried hydrogel showed a fast and extensive swelling.

In this study, the observed hydrogel MIC values against E. coli and S. aureus were 6000
and 8000 ppm, respectively. The results showed that the nanocomposite hydrogel has good
antibacterial activity against gram-positive and gram-negative bacteria.
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H99396M5GMM5Bgs  TgbodEgdgero, 63 9930MOL  gEgdBHMMgbgmool  IbsbsMK L.
535Lm9b 9o I30MGds 3MA3MDBOEHOL BMOOSBMBd3, 306506 FeNi-ol ds6E3wgdo
3033mB0GMOO 3dol JoM(3390L IMEMOL 05313 @S SbY 53LYOL SOBYOVIED BMEGOL.

TiB>-TiC-SiC ¢03ol 39605303790 30md3mHB0EJd0Ls©d0 geomqds gsdmf3gmewos
0dom, Hmd obobo bslosmMYdS WOMBOL FoEswo 3Hgddgmo@vIMom, domso LoLsE0o s
3MOMDoolsdo Jopswo  999amdom. 10d33M030L5 s LOIBHI0EOL AsPMHPOL Jobbom
09969096 gobLb35390wo bgergmeol LolEGgdgool s, 30939, 0lgmo Wwommbgdol
565953 gdlL, OHmymemoiss Al, Mg, Zr, Fe, Ni cos bbgs.

$0obs3gdstg 29dm33cg30L 5dMEsbsl Hotmdmoygbls Ti—Al-Mg-Si-B-C ULoli@gdols
39MB0ME0 O B0 3mI3MDOGHMMO Foboergdol M30L9dgdoLs s ombBg M30bs—
603900l 89bs0bmdol ©sbsds@ol gogergbols dqlfogens.

653960035 )H-3sDdMMHo BLobmgBol (63L) dgompom dmdbss TiB-TiC-SiC
R}MdgHg 90900 gdwo s AlMgBu bsghomom  gao®gdmmo  30033mBoG MO0
dsboeEngdol 60dMdgdo Mdmseme@ 99950969 Jodome 9wgdgb@Hgdls s oo bsgMHgol
dmMob dod0botg JodoMo M9gog3090000:
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Ti + Si + B4«C — TiB2 + TiC + SiC,
TiB2 + TiC + SiC + Al + Mg + B — TiB2 + TiC + SiC + AIMgBu4
Ti+B«C+Si+C+Al+Mg+B — TiB2 + TiC + SiC + AIMgBua.

39056M900LsmM30L  Auasglo  dmIbsEs bodmdgdo Fe s Ni  gegdgb@gdols
5353 JO0m, MOmMd  HYJPOO  gmBowoym  M3065-H039w0l  Fgbobmdols  gogwrgbos
333mDoE 900l Jowgdol 30m3glbYg s J500 M30L939dbY.

3033mbo@ol 103330039 p oboLIBOZMS 30OMUAEHIGH03MOO FJOMPOm, brerm
RMOO0DBMdS 1N ©IER0bs Forgdmwo bBodmdol L0d3zM030L  FgsMgdom  slsgol
09mOHomw  10d330M0396msb  po.  dozMmbolserg HV 30 303960LoL  dgom@om  s6Hob
390m33go.  Joegdol  me30LgdMgdqd0, Lobmgbols /  Fggbmdol  3MmEgLgdoL
356599@®900 (60dmTols dsbs m s 0sdg@®o d, Jgabmdol O™ t, IMmYdo dsdgzs V,
3995350 ©gbol dosews I, 498mygqbgdmeo Loddwsgtg W, $9d3gcedmes T s (6935 p) o
d00gdo 60dxdqdols m30L90900 dm393mEos BGOgddo 1, 2 o 3.

3b®oo 1. 3033mDBoEIOHO AsboErgdols Jowgdol M30L9dMGdIdO.

# | 63L# 3033mbo¢o domgdol Mgod3os

1| 782 TiB2-TiC-SiC Ti+2B+Si+2C—TiB2-TiC-SiC

2| 780 TiB2-TiC-SiC-FeNi TiB2+TiC+SiC+Fe+Ni—TiB2-TiC-SiC-FeNi

3| 822 TiB2-TiC-SiC-FeNi Ti+B4C+Si+C+Fe+Ni—TiB2-TiC-SiC-FeNi

4| 733 | TiB-TiC-SiC-AlMgBi4 TiB2+TiC+SiC+Al+Mg+B—TiB2-TiC-SiC-AIMgBu4

5| 802 | TiB-TiC-SiC-AlMgBi4 Ti+B4C+Si+C+Al+Mg+B—TiB2-TiC-SiC-AIMgBi4

6 | 797 | TiB-TiC-AlMgBi+FeNi | Ti+BsC+Si+C+Al+Mg+B+Fe+Ni—TiB2+TiC+SiC+AIMgBus+FeNi

3bOOOoEsb 2 BBL, MHMI  3m33MbBoGoL  Fgdsgbermdsdo  H3065-6039w0l
096500bm0d0oL  Fggzs60L  Fgdmbggzsdo  3mA3MmBoGHoL  dgabmds  FgMIO0 IO

$H9939M5GM5Bgs Jglodengdgero.
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59 @9bs3sGOL  96989,3379dol Fologdo BsFoMm dgabmdol GHgddgemsd My ogm
1750°C (63L-782). 3065-6039¢0l 99bs00bmdols dgyzs60L 9dgy 3o 1200°C (63u-822)
50dmPRbs 13d5M0OLO.

o3 999bgds TiBa~TiC-SiC-AlMgBis 3m33mbBoBl, dobo dgsbmdolsmgol bsFoMm
}993960GHMMsd, 1760°C  (63L-802), 3065-H03900l  F9bobmdol  99gy3560L 909y
1400°C-0¢09 (631-797) sofjos.

3b®oo 2. Lobmgbol / Igbmdol 36Om3gLgdol 3s61599GHMYdO.

m’ d’ t’ V’ I’ W’ T’ P’
# #
63L 3M33mbodo | 8 | 6o | 3 N 188 | C | 8gasss
1| 782 TiB-TiC-SiC 2 | 12 8 11 | 1305 | 11 | 1750 83

2| 780 TiB2-TiC-SiC-FeNi 2 12 8 8 | 1060 9 1450 89

3| 822 TiB2-TiC-SiC-FeNi 2 12 12 | 85 | 1462 | 12 | 1200 91

4| 733 TiB>-TiC-SiC-AlMgBu4 2 12 15 | 85 | 1471 | 12.5 | 1600 82

5| 802 TiB>-TiC-SiC-AlMgBu4 2 12 14 12 | 1555 12 1760 91

6 | 797 | TiB>-TiC-AlMgBu+—FeNi | 2 12 | 125 | 8 | 1186 8 1400 90

3M33mbo@do H3065-b039e0l d9bsbmdols 99935658 dombgsgzs 0dols, Gmd dolo
509bMds 10%-b 56 50985390™Ms, dolo 08330030l DM Fodmofjz0s. 39MHdMm, Ao,
9.0. ©3065-6039wol 896506mdols gocgdg dobogrols, Lod3zzmozg ogm 4.10 9/LB® (63L-782), 59
56535 0m 30 356 4.14 /133 995000b0.

@5 306odom, L0d33M030L Tgd30Mgds Tgbodewrgdgwro gobs FeNi dgbobmdols
56590l 89930609300 I, 530939, TiB2, TiC s SiC bsgMmgdol 459mygbgdoo.

9L BogEm09d0 99000 ABb30sME3EM3560 0gm @S sFoFHMBs3 96 FoM0TsMMs
Lolgzgero  JodomGo  ©95di30900. Tgbmdolsl  dbmemE  oxzbomdo  3GOmEgLo
3963005605, MMIgEdsi dbodgzbgwm Momgbmdols dobstg3gdol d99339wo GHodsbol,
dMOOL 35MB0OLY S Lo OOl 25dmygbgdolsl Igbodergdgero Aobs

Ti+ B4C + Si + C + Fe + Ni — TiB2-TiC-SiC-FeNi
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95d300L Ho03oMmgs. 30661939835 396 JMobobgl A93egbs 3mI3MmBoGoL bod3zM039bY.
5b9 Bogdo bodwdol (63l -822) Lodzzcmogg 3.81 ¢/lid*-8g 99d30Ms.

3b®oo 3. 300qdMwo 60dmIgdol M3019089d0.

P po, n, | HY,
# | b3L # 3M33mbo@o B | /B (%) % | popsds
1| 782 TiB>-TiC-SiC 4.10 | 4.35(94.33) | 5.67 | 57.54

2| 780 | TiB»TiC-SiC-FeNi | 4.14 | 4.30(96.17) | 3.83 | 23.32

3| 822 TiB2-TiC-SiC-FeNi 3.81 | 4.30(88.57) | 11.43 | 22.96

4| 733 | TiB>-TiC-SiC-AlMgBi+ | 3.48 | 3.91 (88.97) | 11.03 | 21.12

5| 802 | TiB>-TiC-SiC-AlMgBis | 4.06 | 4.37 (93.00) | 7.00 | 56.50

6 | 797 | TiB>-TiC-AlMgBi+—FeNi | 4.13 | 4.30 (96.00) | 4.00 | 30.09

TiB>-TiC-SiC-AlMgB14 3033mbBo@ol 990950096 ™d580 »3065-6039¢00l
9965006m0d0L 99935659 dobo Lod3z3¢039 4.06 /LO*-s6 (63L-802) 4.13y/L3*-0y PoboGs
(63b-797).

3033mbo@ol  dozmmbolocwol  dsB39b9dgo  M3065-b039c0l  Fgbobmdols
09935650009 9699 g3dol 99dmbggzsdo (b3L-782) ogm 57.54 gogods. TiB~-TiC-SiC-AlMgBis
30d3mbo@ol (631-802) FozMmmlLolorg 30 56.50 40g035-U 99oa9gbos. M3065-bo3geols
9965006mdobL d9g3560l 9909y 33vdol 60dmdgdol dozmmboboggdo gobs 23.32 (631-780)
5 22.96 09935 (631-822). TiB~TiC-SiC-AlMgBis 3m83mB0oG ol (63L-797) d03Mmbolaerg 30
30.09 209535-8¢09 899(3060.

909dBHM™bMmo  J03MMb3Mm300L  IgnMmEom  25dm3zegme  0dbs  JowgdEo
608m89d0l  LEGHOMIGHMOS ©S 9 gdgbGOo  F9doPIBEMds.  MYbGHYIbMYMIGOMO
3900mom BsGoM©s 3500 BoBMOHO sbseobo. J9gagdo dmEgdmEos gugd@mmbamwo
30360MBMEGHMLYOIMIO0L,  gbgeyool  dobgwzom  ©oL3gOLowo  Fo3zOMEMbEGHYIbMwO
139JdGHOOLYS 9, 5xMYM3Y9, M96GRIEMPOBREMSIBHMAM5TgdOL Loboo — obowrgom LvGMsmgdo 1, 2,
3,4,5 5 6.
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d9Lsd5T0L  M963RIPMPOBOIBHMYMTGODY 96O  BBL  Mogzo  M3065-HozgEol
9965006m0d0L 303900, Mosbs3 gu Fgbsbmdo I30Mg MomEgbmdomss  Fgyzsbowro
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Abstract

Graphene oxide (GO) is obtained using improved Hummers method by oxidation of
powdered graphite foil wastes (pGFW) at low (~ 0 °C) and relatively high (~ 50 °C)
temperature. GO-Me(NOs)x complexes are synthesized by the interaction of GO and metal
nitrates; further heat treatment in vacuum (exfoliation) leads to the production of composites
containing reduced graphene oxide (rGO), nano-sized metals (Cu and Ag), and oxides (Fe20s).
The rGO-TiO: (nano) composite was obtained by hydrolysis of titanium alkoxide and
subsequent heat treatment in the presence of GO. Composites have been shown to have high
antibacterial activity both against gram-positive and negative bacteria.

1. Introduction

Since the discovery of graphene at the beginning of the 21st century, special attention
has been paid to compounds with carbon 2D and 3D structures for their great importance and
perspective [1]. Now they are widely used in many fields of science and technology, what is
reflected in the scientific and patent literature. There are many organic—organic and organic—
inorganic derivatives containing GO and rGO structures and they have a wide area of
applications [2 — 6]. Graphite oxide was first prepared in the 19th century. In all methods of its
synthesizing strong acids and oxidants are used [7 — 9].

Graphite and graphene oxides (GO) and reduced graphene oxide (rGO) are graphite
single layer (graphene) oxidation products. Discussion about their structure in scientific
literature continues. Below reviews are summarized by the data of various authors on the GO
structure. It has been established that graphite oxidation first produces graphite oxide and then
after sonication GO is obtained. rGO is a reduced product of GO. Different types of organic and
inorganic compounds are used as reductants [10, 11]. Accordingly, GO and rGO physical-
mechanical properties or chemical composition changes within a wide range. GO and rGO have
organic functional groups (carboxylic, carbonyl, hydroxyl, epoxide). Their future
functionalization or joining (immobilization) in organic or inorganic precursors may be
performed. Below we discuss some methods of obtaining GO and rGO:
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1. Hummers method: KMnOs (~ 0 °C) is added to the mixture of graphite-NaNO3—H2SO4
by portions [9];

2. The improved Hummers method: KMnO: is added to the mixture of graphite—H2SOs+—
H3POs (H2SO4+:H3sPO4 = 9:1) at 50 °C [12];

3. Optimized improved Hummers method: KMnOs4 is added to graphite-H>SO4 mixture at
30 —-50 °C [13];

4. Mixture of expanded graphite (< 30 um)-KMnOs at ~ 0 °C is added with H2SO4 [14, 15];

5. Pretreatment of graphite powder or its intercalation by H2SO4+—P205—K2S5:0s system and
further oxidation to the GO [16];

6. NaNOs-free methods, e.g. adding with K2FeO+—H2504 [17].

Currently, flake graphite is used for the obtaining GO and rGO by their reduction (in
process of chemical or thermal treatment). Graphene is obtained with some structural defects
[18, 19]. Obtaining methods and areas of application of GO, rGO, and graphene are well
described in the scientific literature [20]. GO and rGO were obtained from commercial
expanded graphite powders (with grain size D50 ~ 15 and 1 — 30 um). Unlike other methods,
the authors have proposed a new method of preparation of the reaction mixture that have also
used ultrasonic cleaner [21, 22]. It was found that graphite foil and waste powders can be
successfully used as precursors (pGFW) [23, 24]. Flexible graphite foils in various thickness and
width are used in modern technologies. The remaining graphite foil pieces (wastes) are
expanded graphites and their chemical oxidation to GO or graphene can be conducted using
known methods with some adjustments [18]. Information on the properties and the fields of the
application of the products and graphite foil manufacturer companies are available on websites
[25]. What is graphite foil? It is obtained from graphite intercalated compounds (GIC). The GIC
are obtained by intercalation of graphite with various compounds (gaseous compounds, HNOs,
H>SOs4, CrOs, KMnOs4, H202, FeCls, AICIs, etc.). In the result of intercalation, expandable
graphite is obtained. By thermal shock treatment of GIC high pressure is created between the
graphite layers and the crystalline structure of graphite collapses in layers (1 — 20 layers). By its
further treatment with pressure, graphite foil products and materials are received, which are
used in various fields of technology [25].

Thus, natural and synthetic graphites, graphite intercalated with different compounds,
expanded graphite, and graphite foil are used to obtain GO, rGO, and graphene. It is established
that the reduction of the GO obtained from the samples of the different types of graphite are
formed graphenes, in which the number of layers are very different (1 — 10 layers or more) [19,
26 — 30]. Graphene oxides and materials obtained from them have several unique properties.
Currently, much attention is paid to the creation of new types of biologically active composites
and their use both for solving environmental problems and for the production of medicines.

The purpose of our work is to use graphite foil wastes to obtain GO and rGO and
composites containing nano metals and oxides from them and study their biocidal activity.

2. Materials and methods
Graphite flake, natural, 325 mesh — 99.98 % (metals basis), was purchased from Alfa

Aesar, KMnOs; NaNOs, H2S04 (98 %), HCI (37 %), HI (57 %) and ascorbic acid were purchased
from Sigma Aldrich. By grinding graphite foil or its wastes, a powder particle size of 140 um
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was obtained. It was used to obtain graphene oxides. The morphology of the samples was
studied by optical and scanning electron microscopes (Nikon ECLIPSE LV 150, LEITZ
WETZLAR, and JEOL JSM-6510 LV-SEM. XRD patterns were obtained with DRON-3M (Cu
Ko, Ni filter, 2 °/min) and XZG—4 (Cu Ka, A = 1.5418 A) diffractometers. FTIR spectra were
recorded on Agilent Cary 630 spectrometer (350 — 5000 cm™.

Thermal treatment of GO and rGO (< 1500 °C) was implemented in high temperature
vacuum furnace (Kejia furnace). For the ultrasound treatment and homogenization of
suspensions was used Ultrasonic cleaner (45 KHz) and JY92-IIDN Touch Screen Ultrasonic
Homogenizer (20 — 25 kHz, 900 W). GO and rGO particle sizes were determined by Winner802
DLS Photon correlation nano particle size analyzer.

2.1. Graphene oxide synthesis

1 g of NaNOs and 40 ml of 98 % sulfuric acid were added to 1 g of pGFW. The reaction
mixture was cooled up to 0 — 1 °C and stirred for 30 min. Over the next 50 min, 4 g of KMnOs
was added. The temperature of the reaction mixture is raised to 35 — 40 °C under stirring for
3 h. The reaction mixture was diluted with 100 ml of cold water keeping the temperature below
90°C, and then stirred at this temperature for 30 min. The mixture was diluted to 500 and 2 ml
of 30 % of H20:2 solution was added. A yellowish suspension of graphite oxide was obtained.
During the washing of the sediment its color gradually changed to dark brown. 20 min later
solution was removed by decantation. This operation was repeated twice. For the rapid
precipitation of graphite oxide from the suspension, a 5 % solution of hydrochloric acid (500
ml) was added. Decantation was repeated 3 times in 10 min intervals. An aqueous gel-like mass
was obtained. Centrifugation and washing of this precipitate continued until the pH is 5 — 6.
The sediment was washed with acetone 3 times and is dried in vacuum at 70 °C for 4 h.

GO and rGO synthesis was carried out by the third and fourth methods as described
above. The synthesis procedure is given in our earlier papers with slight modifications [24, 31].

2.2. Synthesis of rtGO-Ag composite by thermal exfoliation method

20 ml of an aqueous solution, containing 80 mg of silver nitrate was added to 60 ml
graphene oxide suspension (4.2 mg GO/ml) under stirring. The mixture was stirred at room
temperature for 30 min and the reaction mixture was left for 24 h. The GO-AgNOs complex
was then separated from the reaction medium by centrifugation, further washed with water
until the Ag* was removed and dried in a vacuum at 40 °C. The resulting black mass was placed
in a glass reactor (L = 30 and D = 4 cm) and heated in a vacuum to 120 — 125 °C. At this
temperature there is an instantaneous increase in the volume of the powder. The reactor is
vacuumed for 10 min and cooled in argon. Black rGO-Ag composite puff powder is obtained.
rGO-Cu—~Cu20 and rGO-Fe203 composites were obtained similarly.

2.3. Synthesis of rGO-TiO2 composite by thermal exfoliation method
To a 60 ml of graphene oxide suspension (4.2 mg GO/ml) was added 2 drops of

hydrochloric acid and 0.3 ml of titanium diisopropoxide bis (acetylacetonate) (70 % solution in
isopropanol) dissolved in 10 ml of absolute ethyl alcohol (30 min). The reaction mixture was
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stirred at room temperature for 4 h and left for 24 h. By centrifugation the GO-Ti(OH)x was
removed from the mixture, which was washed 3 times with ethyl alcohol and dried in vacuum
at 70 °C. Thermal exfoliation of dry exfoliation of dry composite is carried out at 135 — 140 °C as
described in case of rGO-Ag composite. Black rGO-TiO2 composite powder was obtained.

2.4. Assessment of antibacterial activity: Microbial cultures

The inhibition effect was measured using the viable cell count method, in which the
nanoparticles formed prior were incubated with the test bacteria via a suitable technique and
the bacterial growth of S. aureus and E. coli was measured. Escherichia coli ATCC 25922 and
Staphylococcus aureus ATCC 25923 isolates, obtained from the collection of the George Eliava
Institute of Bacteriophage, Microbiology, and Virology, were used in this study.

For the experiments, a single colony was inoculated into 5 ml trypticase soy broth (TSB;
oxide) and incubated at 37 °C overnight in aerobic condition. Cultures were refreshed for 2 h at
37 °C in an orbital shaker in aerobic condition and standardized at colony-forming units (CFU)
of 5-10° CFU/ml in TSB diluted 1:5 in phosphate-buffered saline (PBS) [32].

2.5. Antimicrobial activity

The standardized broth cultures of Escherichia coli ATCC 25922 and Staphylococcus
aureus ATCC 25923 isolates, prepared as indicated above, were incubated with different
concentrations of GO nanocomposites (20 and 40 pg/ml) in saline at 37 °C for 24 h to evaluate
the antimicrobial effect. As controls, bacteria were incubated with fresh diluted TSB (1:10 in
PBS). The CFU were counted from each plate and the antibacterial activity was expressed as a
function of cell viability loss. The loss of cell viability was determined using the number of
colonies found in the experimental mixture incubated with GO nanocomposites and the
number of colonies found in the sample, incubated without nanocomposites. The experiments
were done in triplicate and the average values were reported.

2.6. Bacterial cell culture and disc diffusion assay

Bacterial cell cultures were inoculated in a fresh nutrient agar medium overnight in an
incubator. Then 1 ml of these cultures of bacterial strains was transferred to solidified nutrient
agar. Once the plates were ready, various concentrations (50, 100, and 150 pl) of nanoparticles
loaded discs were placed over the nutrient agar plates. All the plates were left to diffuse the
sample and kept in an incubator at 37 °C for 24 h. At the end of incubation, inhibition zones
formed around the disc were measured [33, 34].

3. Results and discussions
3.1. Synthesis and characterization of graphene oxide from pGFW
Graphite foil wastes from various technological processes are contaminated with various

types of organic and inorganic compounds. We have developed methods for the removal of
waste impurities based on graphite production and purification processes, also well known
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methods used to produce active carbon. The objects of study were the wastes that were under
long- or short-term thermal treatment during the ceramic powders sintering process (1400 —
2100 °C). Waste powders with particle size < 50 and 50 — 140 pm were obtained after grinding
the wastes. Earlier by XRD analysis we confirmed that in the samples we used it appears that
the diffraction maximum of graphite and graphite foil match each other. The XRD pattern of
the natural flake graphite exhibited peaks located at 26.44, 44.30, and 55.11 ° corresponding to
planes (002), (101), and (004), respectively. In case of graphite foil, peak (101) did not appear at
all and a peak of increased intensity (004, 25200) appeared. The same peak intensity reaches
11100 in case of graphite [24, 31]. At the same time, the graphite foil and its wastes are easily
grinded. For GO synthesis powders with particle size < 50 and 50 — 140 pm were used. Below
are pictures of industrial graphite foil, its wastes and grinded wastes (Figure 1).

@ ®) ©
Figure 1. (a) Industrial graphite foil (http://www.toyotanso.com/Products/
index.html), (b) Graphite foil wastes obtained during the high-temperature
sintering of ceramics, and (c) pGFW obtained as a result of their grinding.

By EDX analysis it is established, that pGFW samples contain large amounts of
inorganic impurities, which are removed by traditional methods of graphite purification. The
basic processes for obtaining GO, rGO, and graphene from graphite foil and its wastes powders
are given in Figure 2.

( Graphite foil J = [ Graphite foil waste ) > ( Powdered GFW) —> ( Graphite oxide ) -

[Graphene oxide GOJ > [Reduced Grlé([;hene oxideJ — ( Graphene J

Figure 2. Simplified scheme for obtaining GO, rGO, and graphene from pGFW.

Following methods have been used for graphite foil and its wastes powder oxidation:
Hummers method; optimized improved Hummers method and adding of H2SOs to the mixture
pGFW-KMnOs. Experimental part provides detailed methods for pGFW oxidation (Methods 1,
3, and 4). Oxidation of pGFW results in the formation of yellow graphite oxide. The completion
of the reaction and the production of the target product were checked by physical-chemical
research methods. pGFW oxidation to GO using KMnOsNaNOs-H2SOs+ and KMnOs—H2S0s4
systems is easily fixed by XRD analysis. In particular, the characteristic XRD peak of pGFW at
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26 = 26.46 ° completely disappears during the oxidation process due to complete oxidation of
pGFW into graphite oxide. XRD analysis also confirmed that characterizing of GO and rGO
phase diffraction peaks depends on the method of pGFW oxidation and sample thermal
treatment processes. Characterizing of GO peaks are registered within 26 = 10.07 — 12.30 °
interval. Typical diffractograms of GO, rGO and graphene obtained by thermal treatment at
1000 °C are shown in Figure 3. The obtained results correspond to the available data of
processes used flake graphite or expanded graphite as a precursor [19, 21, 27].
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Figure 3. Typical XRD patterns of GO (a), rGO (b), and

graphene obtained by thermal exfoliation GO at 1000 °C (c).

Our earlier studies have shown that in case of low-temperature mode oxidation (~ 0 °C,
KMnOs-NaNOs-H:SO4) of pGFW, the C:O ratio (at.%) was found to be 1.61. During its
reduction with ascorbic acid, the C:O ratio was changed to 4.26. The peak of GO at completely
disappeared during the reduction process and appeared a broad diffraction maximum for rGO at
20 =23.80° [23].

According to the literature data, during the reduction of GO to rGO by the different
methods the diffraction peak maximums appears at different values of 26 between 20.0 and
26.64 ° [28, 35, 36]. By the reduction of GO with various reagents, obtained from the pGFW,
diffraction peak maximums appeared: hydrazine — 26.13 °, the hydroiodic acid (57 %) solution —
23.72 °, Alder extract — 25.03 °, and thermal treatment (250 °C) — 23.58 °. According to the
reduction methods, peak intensity varies from 1292 to 9790. GO obtained from pGFW by
optimized improved Hummers method (~ 50 °C, KMnO4+H2SOs4) C:O (at.%) ratio was found to
be 1.83, which increases by its reduction with ascorbic acid (C:O = 4) because oxygen-
containing functional groups are partially removed from graphene oxide.

FTIR method has confirmed that obtained GO contains OH groups (3200 — 3700 cm™),
aromatic ring (1635 cm™, C=C stretching), carbonyl group (C=0, 1734 cm™ ) and C-O groups
(1231 cm™).

As mentioned in the experimental part, a large amount of acidic solutions are obtained
during the separation of GO from reaction solution and its purification processes: solutions
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contained ~ 20 wt.% of GO. Separation of GO from such solutions is a time-consuming process
and it is preferable to reduce it to rGO with different reductants. Ascorbic acid, zinc powder,
hydroiodic acid, hydrazine and plant extracts were used as reductants. Metal (Al, Zn, Mg, etc.)
powders and organic compounds were particularly effective. These are capable of reducing both
graphite and graphene oxides to rGO under low pH. The resulting rGO quickly precipitates,
filtered and impurities easily separated from rGO during the washing process. It should be
noted that separation of GO from the reaction mixture by industrial method and removal of
impurities are considered to be difficult processes requiring further optimization [20].

We partially have corrected the method of synthesis of GO and its separation from the
reaction mixture so that the experiments ended only after 10 h. Sulfuric acid and ions (K*, Na*,
and Mn*?) were removed with decanting (2 times with H20, 2 times with 5 % HCI solution, and
3 times with H20). 5 % solution of HCl precipitates GO-flakes in 10 min. Thus, the process of
removing the main impurities could be accelerated [23]. Although in the process of accelerated
decantation small particles of GO pass into the decanted liquid, it is very easy to separate them
in the form of rGO. Using photon correlation particle sizer analyzer it is confirmed that in the
decanted solutions their sizes varies in wide range with average diameter of 547nm. (Figure 4).
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Figure 4. Particle size distribution in GO obtained from decanted solution.

By the reduction of GO with chemical compounds, rGO powders are obtained which are
often used for production of organic and inorganic composites. rGO films have also great
potential for use. The easiest way to get it is thermal treatment of GO films on air or in different
gas flows. From rGO films are made filtration membranes, mechanical seals or protective layers.
rGO film is good electric and heat conductor, therefore is widely used in electronics and
optoelectronic devices. The process of heat treatment of GO films and the quick method of
production the rGO films under controlled conditions is described in papers [35, 36].

It can be concluded that there is no difference between the oxidation processes of
graphite and pGFW powders. In both cases, graphite oxide is obtained by further
ultrasonication and reducing GO and rGO are obtained accordingly. The values of the
diffraction maximum of GO and rGO depend on both the oxidizing systems, the nature of the
reductant, and the heat treatment conditions.
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3.2. Synthesis and study of rGO-metal and rGO-metal oxide composites

We have previously studied thermal treatment of GO powders and GO films obtained
from pGFW were implemented at 20 — 1000 °C under argon flow and in vacuum, and at 20 —
300 °C in air. XRD analysis revealed that the GO diffraction peak disappeared at 26 = 12.22 °
and two peaks of low intensity of rGO appeared at 26 = 20.3 and 23.78 °. By the thermal
treatment of the resulted powder at 1000 °C yields graphene with defective structure having
low intensity peak at 26 = 26.16 ° [24, 31]. According to EDX spectrum the graphene obtained
under these conditions does not contain any metal impurities and consists only carbon and
oxygen in the ratio of 1:20, while in the initial rGO the same ratio was 1:4.7. This result is fully
in line with the literature [37] showing that the C:O ratio varies as 1:8 — 1:246 depending on
thermal treatment modes. The interesting fact is that during the vacuum thermal exfoliation of
GO at 250 °C rGO is obtained with the same morphology as has the expanded graphite, which
is obtained by the thermal shock treatment of graphite intercalated compounds (GIC). The
difference is in mechanisms: when rGO is formed, chemical decomposition of GO occurs, as a
result of which gases and water vapors spontaneously release, which leads to the collapse of its
crystallites. In the case of GIC, during shock heat treatment, the intercalant creates a high
pressure between the layers of graphite, damages its structure and leads to the obtaining of
expanded graphite.

The rGO-Ag composite is obtained by two methods: reduction of the GO-AgNOs
suspension with ascorbic acid and thermal treatment of the GO-AgNOs complex in a vacuum at
110 — 120 °C. As the XRD patterns show, the characteristic peak of GO at 26 = 10.27 ° (upper)
disappears and the amorphous complex GO-AgNOs (middle) by its thermal exfoliation forms
the obtained (Figure 5a) rGO-Ag composite (lower). As can be seen from the SEM image, the
amorphous complex of GO-AgNO:s film is disintegrated as a result of thermal exfoliation in
multiple layers, on which 5 — 12 nm silver particles are deposited (Figure 5b).
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Figure 5. (a) XRD patterns of GO (upper), GO-AgNOs (middle) and rGO-Ag (lower),
and (b) SEM image of rtGO-Ag composite obtained by thermal exfoliation of GO-AgNO:s.
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Figure 6. EDX mapping analysis of composites rGO-Ag.

EDX mapping analysis of rGO-Ag composites shows that the silver particles are evenly
distributed over the entire surface of the sample (Figure 6). The silver content in the rGO-Ag
composite depends on the GO:AgNO:s ratio. We prepared composites that contain 1 — 16 wt.%
of silver. The rGO-Cu—Cu20 composite was obtained similarly. Their XRD patterns and SEM
images are given in Figure 7. Comparing the SEM images of rGO-Ag and rGO-Cu-Cu20
composites, it is clear that the same processes of thermal exfoliation of nitrate complexes take

place and therefore the morphology of the layered composites is similar.
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Figure 7. (a) XRD patterns of GO-Cu(NOs3)2 complex (upper) and rGO-
Cu—Cu20 composite (lower); (b) SEM image of rGO—-Cu—Cu20 composite.

The GO—Cu (NOs)2 complex clearly shows the diffraction maximum of GO 26=11.3 °.
Vacuum heating (thermal exfoliation) of this complex produces rGO-Cu composite, which also
contains Cu20. It should be noted that this oxide is also characterized by biocidal activity. After
the explosion, the diffraction maximum of GO disappears at 26 = 11.3 ° and a peak of low
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intensity rGO occurs, at approximately 26 = 25.0 °. The presence of diffraction maxima on the
diffractogram indicates the formation of nano-sized particles in the Cu and Cu2O phases.
Particle sizes calculated from diffractometric data are in the range of 3 — 20 nm (Scherrer
equation). As the EDX spectrum and EDX mapping analysis of rGO-Cu—Cu20 composites show
that the composite contains up to 11 % copper, which is almost evenly distributed on the
sample surface (Figures 8ab). Similar studies have been performed using iron(IIl) nitrate
complexes. The non-magnetic RCO-Fe203 composite was obtained in a vacuum at 120 - 135 °C.
From the diffractogram it can be seen that the corresponding peak of rGO is approximately 26 =
24 — 25 °. According the EDX analysis, the RCO-Fe:03 composite contained 9.7 wt.% Fe.
although the diffractogram showed no Fe20s phase (Figure 9a).
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Figure 8. (a) EDX spectrum and (b) EDX
mapping analysis of rGO-Cu-Cu20 composites.
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Figure 9. (a) XRD patterns of composite RCO-Fe20s, and (b) GO-
HoTiOs (left), rGO-TiO:2 (anatase, right), and anatase (TiOz, lower).

By hydrolysis of titanium diisopropoxide bis (acetylacetonate) in GO suspension GO-Ti
(OH)x complex is obtained, thermal exfoliation of which produces rGO-TiO: (anatase)
composite confirmed by comparison with anatase diffractogram. The diffraction maxima of the
anatase correspond exactly to the titanium oxide lines present in the composite (Figure 9b).
Expanded peaks of rGO-TiO: (anatase) composite prove that the particle size of nano titanium
oxide is small and is in the range of 5 — 20 nm.
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Figure 10. SEM images of (a) rGO-Fe203 and (b) rGO-TiO2 composites.

At the same time the diffraction maximum GO (26 = 10.62 °) disappears and a new peak
26=25.1° is formed, which corresponds to rGO. Peak 26 = 25.3 ° corresponds to titanium oxide
(crystalline modification — anatase). rGO-TiO:2 (anatase) composite powder is denser than
powder obtained from nitrate complexes indicating that the degree of thermal exfoliation in
this case is lower than it is clearly seen from SEM images (Figures 10ab). The distance between
the two layers of rGO-TiO2 composite is 171 nm although it consists of several layers. Thus the
thickness of each layer is clearly less than 171 nm. So we can conclude that the rGO-TiO:
composite consists of nano-sized components, while wide diffraction peaks of TiO: indicate the
small size of its particles.

Structure and morphology of the rGO-Ag, rGO-Cu—Cu20 and rGO-Fe203 composites is
clearly different from that of the rGO-TiO2 composite. These three composites are obtained by
thermal exfoliation of nitrate complexes, during which more gases are emitted than during the
thermal exfoliation of GO-Ti(OH)x~. In this case, only water is released. Nitrogen oxides,
oxygen, water are released during thermal processing (Ti(OH)x — TiO: + H20) of nitrate
complexes, so the pressure between the graphene oxide layers is higher and they decompose
more. Fluffy powders are formed with a bulk density of 27 mg/ml. rGO-TiO: composite
powders are denser. It is possible that partial oxidation of graphene oxide by nitrate ions,
nitrogen oxides, and released oxygen occurs when nitrate complexes explode, so the surface
area of such composites is larger than that of rGO-TiO.

3.3. Biocidal activity of graphene oxide composites

Over the last years, industry — particularly the food industry — has been developing the
use of nanomaterials because of their specific nanoscale properties. It is one of the largest
complexes, which is ensuring the high quality and safety of the foods, that we consume. The
risk of biological and bacterial attacks has grown enormously in the food sector, food packaging,
and water. This increasing risk stimulates scientists to develop new antibacterial nanoparticle
substances that have no side effects and are easy to implement.

The food industry is adopting GO-metal-based applications. The goal of synthesizing
new GO nanohybrid materials coupling different metallic nanoparticles is to enhance material
functionality to obtain multifunctional properties working towards superior performance and
new applications [38]. An important field, where the use of graphene and derivatives may be of
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great interest, is the packaging industry. In this case, the main applications are food packaging,
which requires biodegradable materials due to the increasing environmental concerns related to
waste disposal, and good barrier properties against gases and, especially, water vapor [39].

The urgency of preventing foodborn diseases required acceleration in the development
of active biocide substances to improve the quality of the food, extend shelf life, and prevent or
delay spoilage. The antimicrobial action may be obtained by releasing the biocide directly into
the food or in the space around the food. There is a variety of metal NPs which have received
great attention due to their unique antimicrobial properties. Their small size and tunable
physical-chemical properties that differ significantly from the bulk analogs led to intense
research on their use in composite materials.

Copper, Titanium, and silver NPs are well known for their strong cytotoxicity towards a
broad range of microorganisms such as bacteria and fungi [40 — 42]. Due to the
biocompatibility, wound dressing materials with improved antimicrobial activity have been
prepared using Ag. Other examples include the development of antibacterial food-packaging
materials, bactericidal paper for water treatment, and the study of laundering properties of
nanocomposites [43, 44]. Although the antimicrobial effect of GO is known, the development of
hybrid materials of nanocomposites has considerable interest in various applications since they
may exhibit synergistic bactericidal properties [45].

The antibacterial activity of graphene oxide composites. rtGO-Ag, rGO-Cu, rGO-TiO2
(anatase) composites were studied against indicator bacterial strains of gram-negative
Escherichia coli ATCC 25922 and gram-positive Staphylococcus aureus 4399311-124 by viable
cell count and agar diffusion method. Isolates were incubated with 20 p/ml and 40 p/ml of GO,
GO-Ag NPs, rGO—Cu, rGO-TiOz, and rGO-Fe20s for 2 and 24 h to evaluate the antimicrobial
effect. Results demonstrated that the GO-Ag NPs exhibited a significant antibacterial activity
compared to GO and Ag NPs. All nanocomposites fully inhibited the growth of Escherichia coli
and significantly reduced Staphylococcus aureus growth at 2 and 24 h in a time-dependent way
compared to the respective time controls.

(a)
Figure 11. (a) Inhibition zone of a test culture on rGO-Ag NPs
culture microorganism and (b) viable cell count of test microorganism/

Nanomaterials of silver showed a certain degree of antibacterial activity as can be seen
in some of the plates used in the diffusion test (Figure 1) and on the viable cell count plates
(Figures 1lab). The nanocomposite GO, GO-Ag NPs and Ag NPs exhibited different
antibacterial activity against both gram-negative Escherichia coli and gram-positive
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Staphylococcus aureus. The good antimicrobial effect of GO-Ag NPs nanohybrids could be
explained by the combined action of direct contact between the Ag NPs and the microbial cells
and the dissolution of Ag* ions from the silver nanoparticles.

(b)
Figure 12. (a) Viable cell count of Staphylococcus
aureus and (b) Escherichia coli on GO-TiOx.

These two microorganisms were selected to understand the behavior of nanohybrids on
different microbial structures such as gram-positive and gram-negative bacteria. The different
susceptibilities to nanocomposites may be due to different cell wall structures and the different
antibacterial mechanisms of Ag against different cells. For instance, gram-negative bacteria
possess a thin peptidoglycan layer (7 — 8 nm thickness), whereas gram-positive bacteria possess
a thick peptidoglycan layer (about 20 — 80 nm thickness), which is more resistant to Ag*
diffusion [46]. Results demonstrated that the rGO-TiO: fully inhibited the growth of gram-
negative Escherichia coli and significantly reduced gram-positive Staphylococcus aureus
(Figures 12ab).

(b)
Figure 13. (a) Viable cell count of Escherichia
coli and (b) Staphylococcus aureus on rGO-Cu.

https://doi.org/10.52340/ns.2022.06 103



Preparation of graphene oxide composites ... and study of their biocidal activity.

A study of copper nanocomposite showed good sensitivity towards both of
microorganisms (Figures 13ab), but in comparison with rGO-Fe203 demonstrated that Fe ions
have stronger activity than Cu. Cu ions interact with phosphorus- and sulfur-containing
biomolecules such as DNA and protein to distort their structures and thus disrupt biochemical
processes. The prime effect of copper nanoparticles on microorganisms originates from the
oxidation of metallic Cu ions which kills the cells by NP-mediated ROS generation in cells. This
results in cellular lipid peroxidation, protein oxidation, and DNA degradation [47, 48].

After the screening of the antimicrobial activity, results revealed that all microorganisms
that were tested were susceptible to all synthesized nanoparticles. gram-negative Escherichia
coli was revealed to be the most sensitive microorganism and Staphylococcus aureus showed
high resistance toward all studied nanocomposites (Figure 14). Many research groups believe
that the main antimicrobial mechanism is the release of ions from NPs. That is Ag NPs only
function as vehicles to transport and deliver Ag ions for interaction with bacteria, in which the
Ag ions exerted the main antimicrobial effect. Ag ions interact with membrane proteins to
change the membrane permeability. The mechanism of protein deactivation is probably
dependent on the reaction of Ag ions with cysteine residues [49].
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Figure 14. Antibacterial study of synthesized graphene oxide nanocomposites
in different concentrations (20 and 40 pg/ml) on the test microorganisms.

The antimicrobial ability of Ag NPs and TiO2 was found to be greater than Cu NPs, and
Fe:Os indicated that Ag ions are more efficient in antimicrobial activity than Cu ions. Ag NPs
also show broader antimicrobial effectiveness to strains of Escherichia coli and Staphylococcus
aureus, which may be due to their stronger interaction with polysaccharides and proteins on
cell walls. The existence of an oxide layer on Cu NPs was proposed to be the reason that the
antimicrobial capacity of Cu NPs is less than that of Ag NPs [47 —50].

The effect of TiO2 NPs against gram-positive bacteria was less than for gram-negative
bacteria, due to the difference in membrane structures of bacteria. But was greater than Cu NPs
and Fe20s TiO2 NPs showed higher antibacterial activity, which may be explained that the
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crystalline structure and the shape of TiO: NPs are both considered as the most important
conditions that affect its antimicrobial activity. The anatase crystalline structure of TiO:
presents its highest antimicrobial activity among other nanocomposites. The structure of
anatase can produce OH. radicals in the photocatalytic reaction, which will help to eliminate
the bacteria walls [51, 52].

4. Conclusions

Oxidation of powdered graphite foil wastes at low-temperature (~ 0 °C) and relatively
high-temperature (~ 50 °C) similar of natural flake graphite powder oxidation process. GO is
obtained by three methods: for synthesis GO to the mixture of pGFW-NaNOs3-H:SO4 is added
with KMnOs (~ 0 °C, Hummers method); pGFW was also oxidized with optimized improved
Hummers method, when pGFW-H2SOs mixture is added at 40 — 50 °C with KMnOs; and the
method of adding concentrated H2SO4 at once to the pGFW-KMnOs4 mixture was used as well.
GO obtained by all three methods undergoes vacuum thermal exfoliation and rGO is formed.
Interaction of GO obtained from pGFW with metal nitrates and hydrolysis products of titanium
diisopropoxide bis(acetylacetonate) forms complexes GO-AgNOs, GO—-Cu(NOs)2, GO-Fe(NOs3)s,
and GO-Ti(OH)x By vacuum thermal exfoliation of these complexes rGO-Ag, rGO-Cu—Cu20,
rGO-Fe20s, and rGO-TiO2 composites were obtained.

XRD analysis and SEM studies have established that the grain sizes of metals and oxides
in composites are in the range of 5 — 30 nm. Biocidal activities of composites have been
established. Results indicate that all the nanomaterials assayed showed antibacterial activity
against test cultures. Nanocomposite GO-Ag NPs and GO-TiO: exhibited the highest
antibacterial activity against all the assayed strains; they fully inhibited the growth of
Escherichia coli and significantly reduced Staphylococcus aureus. The synthesized material of
rGO—Cu and rGO-Fe:203 demonstrated relatively low antimicrobial activity than the other of
the studied composites.
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Abstract

Systems of nanoparticles (NPs) dispersed in liquid crystals (LCs) have attracted attention
for the possible development of novel materials based on the controlled assembly of the NPs.
There is investigated the formation of free-standing nanocomposites formed by the co-assembly
of gold nanoparticles (GNPs) in the cholesteric liquid crystal (CLC) structures. It is found that
increasing the concentration of GNPs in the CLC-mixture causes a significant modification of
CLC structure and tuning of selective reflection band (SRB) over the optical spectrum.
Furthermore, it is demonstrated that a light emission in the luminescent dye-doped CLC/GNPs-
nanostructure can be increased dramatically when doped with a certain quantity of GNPs. The
pumping laser beam onto the CLC/GNPs-nanostructure causes a temperature increase of this
nanocomposite followed by SRB shifting of and spectral tuning of the stimulated laser emission
lines from CLC/GNPs-nanocomposite.

Introduction

The new species of artificial composite substances often referred to as “metamaterials”
have enormous potential for use in modern areas of science and technology. Especially
noteworthy are the structures with nano-dimensions — nanoparticles (NPs) — which have
unique optical and electro-optical properties and which differ significantly from the volumetric
states created by the same substances.
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It was found that the optical properties of metal nanoparticles (MNPs) depend mainly on
their surface-plasmon resonance, where the term plasmon defines the collective oscillation of
free electrons of MNPs. Surface plasmons can cause light absorption, scattering, and local field
enhancement if there is an exciting light field. The plasmon resonance peak and the width of
this peak are known to be sensitive to the size and shape of the MNPs, the type of metal, and
the environment in which the NPs are placed.

Plasmonic MNPs have played a key role in this explosion of interest due to their
capability of confining electromagnetic radiation at the nanoscale by exploiting a phenomenon
called localized plasmonic resonance.

The noble metal NPs, gold and silver, exhibit particle plasmon resonances in the visible
wavelength range [1]. Among MNPs, the study of gold nanoparticles (GNPs) has a special place
because they have very interesting and attractive properties such as their organized distribution
in different structures, electrical, magnetic, thermal and optical properties depending on the
size, shape, concentration, etc. Driven by the utilization of these fascinating optical properties,
GNPs have become one of the most remarkable areas of modern nanoscience and
nanotechnology [2, 3].

As is known, NPs can be incorporated into a variety of substances, such as metals,
semiconductors, nuclear-membrane composites and organic polymers [4,5]. Under this
framework, research into micro/nano-scale colloids dispersed in liquid crystals (LCs) has
facilitated enormous interest due to their potential scientific and technological relevance. The
LCs form from organic compounds and are represented as the phase of condition between the
solid and liquid states of a matter (Figure 1). For instance, a LC may flow like a liquid, but its
molecules may be oriented in a crystal-like way. The LCs are characterized by the combination
of partial ordering leading to anisotropic physical properties and fluidity, which allows control
of molecular alignment by external stimuli such as temperature, light, magnetic, electric and
acoustic fields, the influence of surfaces as well.

Solid Liquid crvstal Liquid

Figure 1. Solid, LC, and liquid states of matter.

And the greatest advantage of NPs-doped LCs is the rearrangement and management of
the electro-optical and photo-optical properties of the NPs, which are fully consistent with the

112 https://doi.org/10.52340/ns.2022.12



G. Petriashvili, et al. Nano Studies, 2021-2022, 21/22, 111-124.

functional and structural labyrinth of the LCs. Experiments over the years have shown that
NPs-coated LCs are distinguished by such electrical and photo-optical properties as enhanced
photo-luminescence, reduced conduction voltages, fast reaction time and spontaneous vertical
orientation of LCs. All this leads to the use of these substances in stimulated-response systems
[6-15].

Helical assemblies of NPs that combine a helical topology with the unique properties of
NPs have been a research focus due to their applications in information storage, terahertz
chiralplasmonic and biosensing [16]. It has been found that the properties of NPs-doped
materials are significantly different from those of the host matrix [17 — 19].

The cholesteric liquid crystal (CLC) phase is a nematic phase with a self-organized
periodical helical arrangement that acts as a one-dimensional periodic structure [20]. The spiral,
supramolecular structure of the CLC determines its many unique properties. When the helical
pitch (period) coincides with the wavelength of the incident light, the distributed optical
feedback gives selective reflectance and giant optical activity. Along the helical axis, the
director is continuously rotated, which results in a twisted birefringent medium.

In CLCs the period of the structure is equal to half the pitch P of the helix, and for light
propagating along the helical axes,

Po=XAo/n,

where Ao is the wavelength of the maximum reflection or the middle of the selective reflection
band (SRB) and n is the average of the refractive indices defined as

n=(ne+no)/2,

where the extraordinary and ordinary indices of refraction are denoted by nr and no,
respectively. The full width at half maximum of the SRB equals to

AA=PoAn,
where A is the wavelength and
An=nc-no

is the birefringence of a nematic layer perpendicular to the helix axis.

In this work, we have prepared a nanocomposite consisting of GNPs doped in a CLC-
matrix and have shown that the GNPs can be dispersed in large quantities to the CLCs without
the destruction of their structure. Besides, using the CLC doped with GNPs and luminescent
dye, we have obtained a non-intrusive and controlled tuning of SRB of the CLC and
demonstrated the enhancement and tuning of laser emissions from CLC/GNPs nanocomposite
stimulated by the GNPs.

Materials and sample preparation

To prepare GNPs dispersed CLC nanocomposite, as the nematic host, it was chosen BL-090 (An=
0.27 at =589 nm and temperature T=20°C). And as the optically active dopant was chosen MLC-6248
with HTP (Helical Twisting Power) of 11.3 um™. Both materials are available from Merck. As the
nanomaterial, we used dodecylthiol functionalized GNPs, 10 nm, with the maximum of surface
plasmon absorption at 520 nm (Figure 2) and to produce the desired output laser emission, a
luminescent dye Nile red (NR) was used, both from Sigma—Aldrich (Figure 3).
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Figure 2. Surface plasmon absorption
spectrum of 10 nm size GNPs.

SCHE(CHQ)mCHs

GNP

Nile Red

(a) (b)
Figure 3. Structural formulas of (a) GNP and (b) luminescent dye Nile red.

The CLC/GNPs nanocomposite was prepared by doping capped GNPs into CLC at the
isotropic phase. The use of capped GNPs is very significant as the capping procedure controls
the miscibility of GNPs into CLC, prohibits GNPs agglomeration in CLC, and maintains the
long-lasting stability of CLC/GNP nanocomposite. The GNPs doped CLC mixture was prepared
using BL-090, MLC-6248 and GNPs with the following concentrations in weight: [69.5%BL-090+
30.5%MLC-6248]+X%GNPs, where X is the different concentration of GNPs doped in CLC mixture.

To investigate its thermo-optical properties, the CLC/GNPs nanocomposite was confined
in a cell prepared with two glass plates. The spacing between the plates was set to 12 pm using
the Mylar films. The surfaces of glass substrates were coated with Sigma—Aldrich PVA (PolyVinyl
Alcohol). PVA was prepared in water at a concentration of 0.5% in weight. Thin layers of the PVA
were deposited by spin-coating on glasses and rubbed to obtain planar alignment of the CLC
material.

The samples were pumped with 7 ns pulses at 532 nm from a frequency-doubled
Q-switched YAG:Nd (Yttrium Aluminum Garnet doped with Nd) laser. As the imaging-based
technique was involved polarized optical and fluorescence microscopes equipped with high-
resolution CCD (Charge-Coupled Device) cameras. A hot stage with 0.1°C accuracies was used
to control the cell temperature. As the unpolarized and incoherent light source a conventional
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4 W quartz tungsten-halogen (QTH) lamp equipped with a collimating lens was used. The
optical properties of the mixtures absorption, luminescence and reflection spectra, as the
function of GNPs concentration and temperature, were investigated with a fiber-coupled
spectrometer (Avantes, AvaSpec-2048) having 1 nm resolution.

GNPs concentration controlled tuning of SRB in CLC

The starting point of the experiment was to check how the system of CLC/GNPs evolves
by gradually increasing the GNPs concentration in the CLC matrix. To obtain the CLC/GNPs
nanocomposites next a mounts of GNPs material was added to the CLC mixture:
[69.5%BL-090+30.5%MLC-6248]+0%GNPs;

[69.5%BL-090+30.5%MLC-6248]+1%GNPs;

[69.5%BL-090+30.5%MLC-6248]+4%GNPs;

[69.5%BL-090+30.5%MLC-6248]+8%GNPs; and

[69.5%BL-090+30.5%MLC-6248]+12%GNPs.

The as-prepared solutions were vigorously stirred at 600 rpm for 12 h at room
temperature to avoid aggregation and obtain homogeneous solutions. The GNPs conjugates
were stable towards aggregation and under irradiation with visible blue, green and red lights.
Using the spectrometer, we found that the positions of the SRBs of the doped mixtures are red-
shifted by 160 nm to that of the pure CLC with A =550 nm, and the shift was approximately
proportional to the GNPs concentration (Figure 4). However, it looks like a concentration
threshold exists (about 13 — 14 wt.%), above which the CLC/GNPs nanocomposite contained in
the optical cell does not show the selective reflection typical of CLC materials.

SNk W=

100 -

1% 4% 8% 12%

25

Transmittance %

400 500 600 700 800 900
Wavelength om
Figure 4. Tuning of SRB stimulated by varying of

GNPs concentration in CLC/GNPs nanocomposite.

It is important to note that GNPs not just decorate the CLC structure, but are strongly
conjugated with the CLC molecules experiencing specific interactions and create a novel helical
structure with a larger pitch controlled by the concentration of GNPs. When a certain amount
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of GNPs is doped in the CLC, the high field close to the GNPs can align individual CLC
molecules surrounding the particles, forming the pseudo-CLC domains, where anisotropically
shaped molecules exhibit short-range orientational order defined by a local director (Figure 5).

Dbl —
N~ Ve ol

e LC molecule

/B

Figure 5. Schematic representation of NP-induced
elastic distortions of liquid crystal molecules.

Using the polarized optical microscope we found that the GNPs have spatially self-
assembled into the oily streaks of the disclination network of the CLC. The self-assembly of the
GNPs into the defects is driven by the reduction of elastic free energy costs resulting from the
stabilization of the CLC structure, which is in accordance with a minimum of energy condition
associated with trapping of GNPs in a favorable area.

(a) (b)
Figure 6. Patterned GNPs in CLC structure: (a) schematic
representation and (b) polarized optical microscopic
image of clustered GNPs inside CLC disclination network.
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In this scenario, CLC acts as the 1D photonic structure stimulating the cooperative 1D
self-assembly of GNPs into twisted helices (Figure 6).

In Figure7, it is shown the image of CLC/GNPs nanocomposite with different
concentrations of GNPs. In particular, Figure 7a displays 4%GNPs in weight dispersed in CLC
structure, while Figures 7b and 7c display the cases of 8 and 12% of GNPs concentrations in
CLC, respectively.

(a) (b)
Figure 7. Optical polarized microscopic images of GNPs
dispersed in CLC mixture with different concentration

in weight: (a) 4%, (b) 8% and (c) 12%. Scale bar is 20 um.

The introduction of GNPs in high concentrations in CLC will allow us to produce the LC
structures based nanocomposites of different types and properties, which will significantly
expand their areas of practical application.

The main results of the proposed research are:

(a) We have used a CLC as a host matrix, the period of SRB of which is located in the visible
range of the optical spectrum and have continuously rearranged this period over the
large spectral area; and

(b)  Based on the innovative method developed by us, we have carried out an extremely
large number of GNPs (their share is of ~12%) in CLC structures, so as not to aggregate
(cluster) GNPs.

All this allows us to prepare qualitatively new types of nanocomposites and by varying
the sizes, shapes, concentrations, positions and distances of GNPs it is possible obtain the
appropriate structures to perform the set tasks.

Light-to-heat conversion in CLC/GNPs nanocomposite

GNPs can efficiently release heat under optical excitation conversion, which eventually
is dissipated in the CLC environment through thermal convection.

Here we focus on the visualization of the optical energy conversion to heat caused in
CLC/GNPs nanocomposite. When excited with a laser beam, the laser electric field strongly
drives charge mobile carriers inside the GNPs, and the energy gained by the carrier turns into
heat. Heat generation becomes especially strong in the regime of plasmon resonance [21]. The
GNPs temperature may rise significantly and the heat can propagate to the surrounding
medium.
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In our method, the temperature surrounding the nanoparticles can be estimated by
monitoring the spectral shift of the selective reflection peak of a CLC. As noted above, heat
generation becomes especially strong in the case of plasmon resonance.

In the absence of phase transformations in the system, temperature field distribution
around optically stimulated NPs is described by the standard heat transfer or the thermal
diffusion equation:

P(r)C(r)=9dT(zr,t)/ dt=
=AK(r) AT(r,t) + Q(r,t),

where r and t are space current point radius-vector and time current moment, respectively.
T(r,t) is the local temperature; and the material parameters P(r), C(r) and K(r) are mass density,
specific heat, and thermal conductivity, respectively. As for the function Q(r,t), it represents an
energy source coming from light dissipation in nanoparticles:

Q(I',t) = ](I’,t) E(I’,t) >

where, J(r,t) is the current density and E(r,t) is the stimulating electric field in the system.

The heating effect can be strongly enhanced in the presence of a number of NPs. The
accumulative effect comes from the addition of heat fluxes generated by single NPs and is
described by the above stated thermal diffusion equation. The energy source in this equation
should be written as a sum over all NPs:

Q(I',t) =Xk Q‘(r)t) >

where Qu(r,t) describes heat generation by the k-NP. The more NPs, the stronger the
temperature increases that appears in the system.

GNPs stimulated tuning of SRB and laser lines in CLC/GNPs nanocomposite

In this section of the experiments, we have prepared and investigated the CLC/GNPs
nanocomposite which acts as a thermo-chromic material with such improved parameters as
temperature-controlled fine-tuning of SRB and laser emission upon the wide range of the
optical spectrum.

To demonstrate the temperature-dependent tunable lasing from a CLC/GNP mixture, we
used a [69.5%BL-090+30.5%MLC-6248]+12%GNPs nanocomposite doped with fluorescent NR. The
optical cell was prepared and filled with CLC/GNPs/NR nanocomposite according to the above-
mentioned procedures.

In Figure 8, there is shown a schematic of the experimental setup. The light emerging from
the pumping laser propagates through the optical lens focusing the pumping beam into a spot
with a diameter of 300 um, which causes the local heating of CLC/GNPs nanocomposite and
stimulating the spectral tuning of SRB of CLC structure.

On the other hand, the pumping beam stimulates the emission of laser lines from
CLC/GNPs nanocomposite, which are shifted according to the tuning of SRBs of the CLC
structure.

The spectral analysis is performed using a spectrometer.
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Spectrometer

GNPs/CLC Optical Cell

Figure 8. Schematic of experimental setup displays
laser emission lines of CLC/GNPs nanocomposite
pumped by 532 nm solid-state YAG:Nd laser.

The lasing performance of the samples was examined under optical excitation using a
frequency-doubled pulsed YAG:Nd laser with a wavelength of 532 nm. The pulse duration was
8 ns with repetition rate of 10 Hz. A lens with 10 cm focal length was used to focus the emitted
laser beams on the spectrometer.

Figure 9a shows a laser stimulated temperature-dependent tuning of SRB of CLC mixture,
and Figure 9b demonstrates the laser line tuning from CLC/GNPs nanocomposite. Laser
emissions were recorded at 629, 630, 594 and 579 nm, sequentially, which corresponds to the

laser wavelength tuning range of about 51 nm.
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Figure 9. Temperature-dependent shift of SRB together
with effects of lasing tuning of emission wavelength.

GNPs stimulated light intensity enhancement in CLC/GNPs nanocomposite

Light incident on the GNPs induces the localized surface plasmon resonance (SPR),
which stimulates the enhancement of the electromagnetic field on the GNPs surfaces.
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Depending on the geometry of the absorbing materials (size, thickness, shape, etc.) and
the coupling distance, the effect on the SPR can go from plasmon enhancement to complete
quenching [22]. Here we show that when the GNPs surface SPR wavelength coincides with the
wavelength of the excitation light source, the large optical fields provided by surface plasmons
increase the fluorescence intensity of dye molecules by enhancing the molecular excitation rate.

Besides, we have observed a strong laser emission stimulated by GNPs. Two composites
were prepared: one is the mixtures of CLC doped with 0.5% NR, and the other one is the
CLC/GNPs nanocomposite doped with 0.5%NR:

1. [69.5%BL-090+30.5%MLC-6248]+0.5%NR; and
2. [69.5%BL-090+30.5%MLC-6248+4.0% GNPs]+0.5%NR.

A fluorescent microscope was used to examine the CLC/GNPs nanocomposites at a
microscale. We note that under the experimental conditions an excitation wavelength of
532 nm coincides with the SPR peak of GNPs.

To investigate the light amplification stimulated by GNPs, we prepared two samples. The
first one consists of CLC/NR composite, and the second one consists of CLC/GNPs/NR
nanocomposite. Both samples were examined using a fluorescence microscope and then
compared the images. A sample containing GNPs emits light much stronger than a sample that
does not contain GNPs.

(a) (b)
Figure 10. Fluorescent microscopic images of (a) [69.5%BL-090+30.5%MLC-6248]
+0.5%NR and (b) [69.5%BL-090 +30.5%MLC-6248 +4.0%GNPs] +0.5%NR composites.

Figure 10 shows the images of CLC/NR and CLC/GNPs/NR composites taken with
fluorescence microscope: Figure 10a — the intensity of the light emitted by the CLC/NR
composition and Figure 10b — the intensity of the light emitted by the CLC/GNPs/NR
nanocomposite. First, the samples were irradiated from a QTH lamp equipped with a
collimating lens and then samples were irradiated from pumped YAG:Nd laser.

As shown in Figure 11a, the fluorescence intensity emitted from 69.5%BL-090+
30.5%MLC-6248+4.0%GNPs]+0.5%NR sample is stronger than the fluorescence intensity emitted
from 69.5%BL-090+30.5%MLC-6248+0.5%NR sample. After that, composites were irradiated with
YAG:Nd laser and was stimulated the laser emission in both samples. Here, too, the laser line
emitted from CLC/GNPs/NR nanocomposite is much more intense than the laser line emitted
from CLC/NR composite (Figure 11b).
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Figure 11. Graphical illustration of (a) luminescent and (b) laser
emissions in [69.5%BL-090+30.5%MLC-6248]+0.5%NR and
[69.5%BL-090+30.5%MLC-6248+4.0%GNPs]+0.5%NR composites.

In the description of the nature of the energy transfer from an organic luminescence dye
to a GNP, a crucial role plays the distance-dependence between the luminescence dye and the
surface of a GNP. The altered electromagnetic field around the metal NP changes the properties
of a dye that is placed in the vicinity.

It can cause two enhancement effects: the first is an increase in the quantum efficiency
of the dye and the second is an increase in the excitation rate of the dye. The induced collective
electron oscillations associated with the surface plasmon resonance, give rise to induce local
electric fields near the NP surface.

Energy transfer from luminescent organic dyes to GNPs is generally considered to be the
major process leading to the excited-state activation / deactivation of the dyes [23]. The most
familiar mechanism is that of energy transfer via dipole—dipole interactions, i.e. FRET, from an
energy donor to an energy acceptor. The energy transfer efficiencies E have been measured
from the lifetime data using the following equation:

E=1-7/10,

where T and 7o are the lifetimes of the donor in the presence and absence of the acceptor
respectively. To determine a time-resolved luminescence, the luminescence lifetimes of the
samples were measured as a function of time after being excited by a beam of light. A pulsed
YAG:Nd laser with a wavelength of 532 nm was used to excite the CLC/GNPs nanocomposite.
The induced electric field originating from the charge separation in the nanoparticle during the
plasmon resonance oscillations is very large at very small distances from the surface. The
dependence of the critical donor-acceptor distance Ro, when energy transfer efficiency is 50%,
on the spectral overlap for a particular donor—acceptor pair is expressed as:

Ro=0.211 (K2®Pn]J(L)/N4)ve,

where K? represents the relative orientation of the donor to the acceptor molecule, considering
a random rotational diffusion for the small molecules.
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K? is taken to be 2/3 [24]. N is the refractive index of the medium (=1.42 for CLC/GNPs
nanocomposite), @o is the quantum yield of the donor in the absence of the acceptor, taken as =
0.43, and J(A) is the overlap integral, which can be calculated from integration over the range
(0, ) by the numerical method using the following relation:

JOO) =] dAAAFA) ea(l) /TAAFL),

where F(A)is the luminescence intensity of the donor in the wavelength range (A, A +AA) with
the total intensity normalized to unity, €a(A) is the molar extinction coefficient of the acceptor.

For GNPs with 10 nm size (from Sigma—Aldrich) the molar extinction coefficient is
equal to 1.01:108 M':cm™. The fact that GNPs have very large molar extinction coefficients
makes them potentially excellent energy acceptors according to equation for Ro. The overlap
integrals J(A) for the present donor—acceptor were estimated to be =3.2.:10° M'-cm? The
energy transfer efficiencies in the thermal diffusion equation can be rewritten as:

E(r)=1/(1+(r/Ro)f).

According to the measured lifetime data for the energy transfer efficiencies from the
corresponding formula we found E=0.92. Finally, based on the experimental results and
calculated data from the equations above stated system of equations, we found that the distance
between the dye molecules and GNPs, which are statistically distributed in the polymer
medium, is equal to 0.30+0.15 nm.

Conclusion

We have designed and investigated a smart, stimuli-responsive CLC/GNPs based nano-
platform, which can respond to endogenous and exogenous stimuli, such as NPs concentration,
light, temperature, magnetic and electric fields, ultrasound.

Therefore, the obtained results can find applications in solar cells and concentrators,
luminescent and flexible displays; in medicine, for fabrication new kinds of drug delivery
systems, for the visualization and monitoring of biological cells, especially for the detecting of
the cancerous cell, where the introduction of less toxic GNPs are more desirable than silver
NPs; in photodynamic therapy, to kill the tumor cells, germs and viruses, etc.
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Abstract

Rare earth chalcogenides possess interesting electrophysical, magnetic, optical, thermal,
mechanical, etc. properties. Work aims to develop the terbium monotelluride TbTe nanofilms
deposition technology on various substrates and study some of their electrophysical and
mechanical properties. 0.2 — 0.8 pm thick films are prepared by vacuum-thermal evaporation
from two independent sources of Tb and Te. Deposition temperatures of terbium and tellurium
evaporators are ~ 1600 and ~ 780 K, respectively. And distances from Tb and Te evaporators to a
substrate are 23 and 49 mm, respectively. Deposition rate is of 55 A/s. Substrate temperature
changes within the range of 720 — 1150 K. Fused silica (sitall), sapphire and (111)-oriented
single-crystalline silicon plates are used for substrates. Substrate optimal temperature is shown
to be in the range 980 — 1100 K. According to the X-ray diffraction and microanalysis, any of
obtained films has the NaCl-type structure with lattice constant of 6.10 A and contain Tb and
Te, respectively, around 50.1 and 49.9 at.%. With the increase in the substrate temperature
from 980 to 1100 K the film grain size increases from 23 to 49 nm. With an increase in particle
size, the resistivity decreases from 4.0-10- to 3.2-:10° Ohm-m. All investigated films have n-type
conductivity. The relative mechanical strength is investigated by the complete abrasion method
on films with same thickness (of ~ 0.7 pm), load (of 180 g) and deposition temperature, but
prepared on different substrates. Relative strength decreases in the sequence: sapphire—sitall-
silicon, which is consistent with data that the greater difference between thermal expansion
coefficients of film and substrate materials, the less relative strength of the film.

Monochalcogenides of rare-earth elements have interesting electrophysical, magnetic,
optical, thermal, mechanical, and other properties [1 —4]. But, not all the compounds of this
class are fully studied. Terbium monotelluride TbTe belongs to such little-studied materials.
The purpose of this work is to develop the technology of TbTe nanofilms formation on various
substrates and study their electrical resistivity dependence on the size of nanoparticles
constituting the obtained films. 0.2 -0.8 pm thick films are prepared by vacuum-thermal
evaporation from two independent sources of Tb and Te. Figure 1 shows the scheme of the
corresponding installation and Figure 2 — its photo-image.
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Figure 1. Principal scheme of installation for film preparation by
vacuum-thermal evaporation from two independent sources. 1 —
vacuum chamber, 2 — substrate heater, 3 — thermocouples, 4 —
component evaporators, 5 — gate and 6 — direction to vacuum system.

Figure 2. Spraying installation.

Evaporation of terbium is carried out electronically by electron-beam evaporation and
tellurium — by the Joule evaporator. The source materials are: terbium of the brand TbM-1 with
the basic element of 99.9 at.% (with total content of controlled impurities < 0.1, Fe < 0.01,
Cu <0.03 and Ta < 0.02 at.%) and tellurium of 99.9999 at.% purity. At films spraying, terbium
and tellurium evaporators temperature equal ~ 1600 and ~ 780 K, respectively. Distances from
Tb and Te evaporators to a substrate make, respectively, 23 and 49 mm. Films deposition rate
equals to 55 A/s. Substrate temperature changes within the interval 720 — 1150 K.

Fused silica or sitall, sapphire and (111)-oriented single-crystalline silicon plates are used
as substrates. During the film grown process, the residual pressure in the deposition chamber
was ~ 10 Pa. The phase composition and structural perfection of the films are determined by
X-ray and electron diffraction techniques. The surface of the films is examined using the X-ray
mapping approach.

Figure 3 shows the images of films prepared on different substrates. Note that in color all
these films are black.
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(a) (b) (c)
Figure 3. TbTe films prepared on different substrates:
(a) sapphire, (b) glass-ceramic and (c) silicon.
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Figure 4. X-ray diffractogram of terbium
monotelluride film. Substrate: glass-ceramic.

It is shown that optimum temperature of a substrate is 980 — 1100 K: above this
temperature the besieged atoms come off a substrate, and below the temperature the adsorbed
atoms create islands of various thicknesses. According to the X-ray analysis (Figure 4) a film had
structure of NaCl-type with lattice constant 6.10 A and according to the X-ray microanalysis
films contained 50.1 at.% of Tb and 49.9 at.% Te.

The image of the TbTe surface (Figure 5) has been obtained by the electronic-scanning
microscopy. It has shown that the film contains characteristic elements in the size range 24 —
49 nm allowingto draw conclusion that it is a nanodimensional object, ~80% grains of which
have a diameter of 32 nm.

Figure 5. Scanning electron microscopy
image of TbTe film surface.

Images of processed film surfaces obtained by electron microscopy experiments show
that with an increase in the substrate temperature from 980 to 1100 K the grain size increases
from 23 to 49 nm, but this dependency is not linear and there is a peak of 49 nm at about
1050 K. Figure 6 shows the components distribution on the terbium telluride films surface. As
can be seen from this figure, the components are distributed fairly evenly.
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Figure 6. Distribution of terbium (a) and
tellurium (b) atoms on TbTe film surface.

At room temperature, the dependence of electrical resistivity on the nanoparticles size is
measured. Measurements show that with an increase in particle size, the resistivity decreases
from 4.0-10° to 3.2-:10° Ohm-m.

All investigated films have n-type conductivity.

By the method of complete abrasion [5] it is investigated the relative mechanical
strength of the prepared films. Experiments are carried out on films prepared on substrates such
as sapphire, sitall and single-crystalline silicon. All films have the same thickness of ~ 0.7 um,
and the load during the experiment for all films is also the same and consists of 180 g. The
experiment shows that the relative strength depends on the substrate material and decreases in
the following sequence: sapphire—sitall-silicon. Note that the spraying temperature of the
substrate is the same for all experiments. Observed dependence of TbTe nanofilms relative
strength from the substrate material is well consistent with the data obtained in [6] for TbSb
films: the greater difference between thermal expansion coefficients for film and substrate
materials, the less the relative mechanical strength of the film.
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Abstract

World cement industry currently accounts for about 8% of the global carbon dioxide
emissions from clinker production by firing the carbonate component of the raw mix.
Geopolymer materials can be an alternative to ordinary Portland cement, as carbon dioxide
emissions are reduced by about 80%. In addition, given that geopolymer concretes are generally
stronger and more durable, they offer a longer service life, which reduces the need for raw
materials in the future. Metakaolin, a product of heat treatment of kaolin clays at temperatures
of 750 — 850°C, is usually used to obtain geopolymer materials, but limited world reserves of
kaolin clays prevent their widespread use. Paper describes the production of geopolymer
materials synthesized on the basis of thermally modified clay rocks and their study for
durability. Studies have shown that geopolymer materials have good durability and higher
resistance to aggressive solutions compared to ordinary Portland cement.

1. Introduction

The global cement industry currently accounts for about 8% of the world’s carbon
dioxide emissions from clinker production by firing the carbonate component of the raw mix.
In addition, the cement industry is associated with high fuel and energy costs, as it requires
high-temperature firing in the range of 1400 — 1450°C, which has a particularly negative impact
on the environment against the background of global warming. Alkaline activation binders are
one of the most promising technological platforms for the development of energy and resource-
saving production of building materials, products and structures.

V. Glukhovsky [1] was the first to discover the possibility of making binders from low-
base calcium or calcium-free aluminosilicates (clays) and solutions of alkali metals. He named
these binders “soil cements” and “soil silicates” to reflect their similarity to natural minerals.
Fundamental research in this direction was carried out by V. Glukhovsky and his collaborators
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[2], as a result of which a new class of alkaline or AAC (Alkali-Activated Cements) appeared.
Analysis and generalization of numerous works by various authors and his own research on
alkaline activation binders allowed the French scientist ]J. Davidowitz to develop the concept of
geopolymer binders [3, 4] — inorganic materials of polymer structure based on thermally treated
aluminosilicate materials — kaolins and feldspar rocks, as well as ash, slags and other industrial
wastes that exhibit binding properties upon alkaline activation. It is J. Davidowitz who owns
the saying that: “Geopolymers are ceramic-like inorganic polymers”. P. Krivenko [5, 6] further
demonstrated that alkalis and alkali metal salts, similar to silicates, aluminates and
aluminosilicates, enter into reaction in an alkaline aqueous mediumunder condition of high
alkali concentration. Such interaction takes place with clay minerals, aluminosilicate glasses of
natural and artificial origin, in which calcium is absent, as well as with calcium-based
cementitious systems in ambient conditions with the formation of water-resistant alkaline or
alkaline—alkaline earth aluminosilicatehydrates — analogues of natural zeolites and micas.

Geopolymer is a material obtained by alkaline activation of aluminosilicates at ambient
or slightly elevated temperature, having an amorphous or semi-crystalline polymer structure
with Si* and Al* cations, tetrahedrally coordinated and linked by oxygen bridges [7]. When
hydrated, geopolymers give a product that is predominantly calcium silicate hydrate. At the
initial stage of obtaining geopolymer binders, metakaolin was used as an aluminosilicate
material — a product of heat treatment of kaolin clays at temperatures of 750 — 850°C. When
heated, the dehydration of kaolinite occurs according to the scheme: Al:O32Si022H.0 —
Al>03-25102+42H20. Heat treatment increases the amount of the amorphous phase, which
increases the reactivity of aluminosilicates. Alkaline activation of metakaolin makes it possible
to obtain a geopolymer binder of high strength and network structure. In the presence of
Ca(OH)2, the reaction proceeds according to a different scheme: the form of the gel and the
form of the network change [8]. According to the research of A. Palomo, et al. [8, 9], there are
two models of alkaline activation. The first applies to slag-alkaline binders, when blast-furnace
slag (Si+Ca) is activated by a solution of alkalis of medium concentration. In this case, the main
reaction products received are CHSs (Calcium HydroSilicates). According to the second model,
a concentrated alkaline solution activates compounds of aluminosilicates such as metakaolin,
the main oxides of which are Al:Os and SiOa. In this case, a material with higher mechanical
strength and polymer structure is obtained.

A. Palomo, et al. [10] compiled a brief history and overview of geopolymer technology
and concluded that a lot of work has been done, but still a lot remains to be accomplished.
A. Attanasio, et al. [11] developed certain recommendations for the design of cementless
binders, taking into account the influence of each investigated aluminosilicate component.
Under the leadership of V. Kalashnikov [12] a geopolymer binder was developed with a content
of up to 40% clay and other dispersed rocks, the activation of which was carried out with small
doses of alkali. R. Rakhimova, et al. [13, 14] carried out research on the structure formation of
slag-alkaline cements, when blast-furnace slag was used in the form of the main component
with the addition of various rocks and man-made materials: zeolites, burnt clays, ceramic brick
breakage, etc. N. Eroshkina, et al. [15] developed a number of compositions of geopolymer
binders based on thermally treated magmatic rocks (granite, dacite, basalt, etc.).

As is known, in ordinary concretes there is a problem of the interaction of reactive
(amorphous) SiO: contained in the aggregate to cement alkalis, which can cause damage to the
concrete structure and its complete destruction. The results of the study [16] showed that active
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alumina (metakaolin and fly ash) in alkali-activated cements had a beneficial effect, making it
possible to effectively control the formation of the structure in the interfacial transition zone
“cement paste, alkali-sensitive aggregate” and reduce the expansion to an acceptable level or
completely avoid it. Despite the fact that the processes of structure formation of geopolymer
and other binders have not been studied well enough, these binders are considered as a
promising resource-saving alternative to Portland cement. Studies have shown that a significant
advantage of geopolymers is their high strength, density, water-, heat- and corrosion-
resistances [15, 17, 18]. However, today, the advantage of using these materials is only the
possibility of using a huge amount of accumulated industrial waste all over the world.

In the TSU’s Caucasian Institute of Mineral Resources, has been conducting research for
a number of years to study the possibility of obtaining geopolymer binders using local raw
materials. Technologies have been developed for the production of geopolymer materials using
thermally modified clay rocks of Georgia and geopolymer materials of different compositions
have been synthesized [19 —21]. The widespread Introduction of geopolymers in construction
requires, along with other properties, to study their durability, as well as their behavior in
aggressive environments. This paper describes the production of geopolymer materials
synthesized on the basis of thermally modified clay rocks and their study for durability.

2. Experimental part
2.1. Materials

The clay rocks of Georgia were used for research: clay shales from Kvareli, argillite from
Teleti, clay from Gardabani, as well as granulated blast furnace slag of the Rustavi Metallurgical
Plant. An alkaline activator — NaOH, Na:COs, and Na2SiOs or their mixture was used as a
mixing liquid.

2.2. Methods

A NETZSCH derivatograph with STA-2500 REGULUS thermogravimetric and
differential thermal analyzer (TG/DTA) was used for thermogravimetric analysis. Samples were
heated to 1000°C, in a ceramic crucible, heating rate 10°C/min, reference substance o-Al:QOs.

The X-ray phase analysis was carried out using a Dron—4.0 diffractometer (Burevestnik, Russia)
with a Cu-anode and a Ni-filter, U = 35 kV, I = 20 mA, intensity 2°/min, A = 1.54178 A.

2.3. Geopolymers preparation

Temperature modification of clay rocks was carried out by heating the material in a
muffle furnace to a temperature of 700°C with holding at a maximum temperature of 1 h.
Geopolymer materials were prepared as follows: granulated blast-furnace slag and modified
shale, argillite or clay in different ratios were ground together in a laboratory ball mill to a
specific surface area of 8000 — 10000 g/cm?. Dry substances were added to the resulting powder
in a certain amount: NaOH or Na:COs, or Na:SiOs, or their mixture, which were mixed well for
5 min. Water was added to the dry mixture to obtain a normal consistency dough. Samples
were molded with a size of 2x2x2 cm. The molds, together with the samples, were wrapped in a
plastic film to prevent the binder from drying out and were immediately placed in a heat
treatment chamber. Heat treatment of geopolymer materials was carried out at 80°C for 24 h.
The samples were randomly cooled in the chamber until they reached room temperature.
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To determine the durability of geopolymers, the samples hardened after thermal heating,
were stored in air for 30, 60, 180 and 360 days at temperature of 20°C and relative humidity of
60%. In order to test for corrosion resistance, geopolymer materials were immersed in
aggressive solutions: H2SOs (concentration 2 and 5%), HCI (2 and 5%) and Na:SOs (5%).

3. Results and discussion

Table 1 shows the chemical compositions of clay rocks. Clay minerals (14.66 — 14.96,
7.14, 4.25, 3.66, 2.86, 2.327 A) are noted on the XRD (X-Ray Diffraction) patterns (Figure 1);
quartz (3.34 A); feldspar (3.87 A), calcium carbonate (3.03 A).

Table 1. Chemical compositions of clay rocks, wt.%.

Clay rock | LOI | SiO2 | TiOz2 | Al203 | Fe203 | FeO | Mn20s | CaO | MgO | SOs | Na20 | K20
Shale 450 |5995|0.89 | 1730 | 3.45 |3.65| 059 | 153 | 2.43 | 0.30 | 2.20 | 2.20
Argillite | 7.01 | 47.19| - |1590 | 1336 | - 0.10 | 630 | 4.10 | 1.39 | 2.86 | 1.30
Clay 10.60 | 52.84 | — | 15.07 | 647 | - - 7.06 | 249 | 136 | 1.19 | 2.17

20 s 10 15 20 25 30 35 40 45 50

539°C

718°C 770°C

81°C

100 200 300 400 500 600 700 800 200 1000

Figure 2. DTA curves of clay rocks: (a) shale, (b) argillite and (c) clay.

According to DTA (Differential Thermal Analysis) data (Figure 2), endothermic regions
within 100 — 150°C associated with the loss of mechanically bound water are noted on all curves.

132 https://doi.org/10.52340/ns.2022.14



E. Shapakidze, et al. Nano Studies, 2021-2022, 21/22, 129-136.

In the temperature range 650 — 850°C, endo-effects are noted, which are presumably associated
with the destruction of the crystal lattice of clay minerals, their transformation into an
amorphous reactive phase (formation of metakaolin). On this basis, the temperature of 700°C
was chosen for the thermal treatment of clay rocks.

The results of our research [20, 21] showed the possibility of obtaining high-strength
geopolymer binders from 80 to 100 MPa based on thermally modified local clay rocks and
granular blast-furnace slag using an alkaline activator of different compositions. Figure 3 shows
micrographs obtained using SEM (Scanning Electron Microscopy) measurements using reflected
BEC (Backscattered Electron Composition) and SE (Secondary Electron) images for a GPM
(GeoPolymer Material) synthesized from thermally modified argillite, granular slag and an
alkaline activator NaOH+Na2SiOs, which had the best strength indicators [20, 21]. As can be
seen in the micrographs, heat treatment contributes to the compaction of the material, which
has a positive effect on its mechanical strength.

(a) (b)
Figure 3. Micrographs of GPM: (a) after 28 days of curing under normal
conditions (SE, x100) and (b) after 2 days of heat treatment (BEC, x270).

The durability of the geopolymer was determined using the composition: slag (80%) +
argillite (20%). The composition of the alkaline activator is NaOH+Na2SiOs. The results of tests
for strength during storage in air are given in Table 2. As the results show, the dynamics of
changes in strength over time reveal stable indicators.

Table 2. Dynamics of changes in
GPM compressive strength over time.

After days | Original | 30 | 90 | 180 | 360
Strength, MPa | 925 |95.189.7]93.6]91.9

The assessment of the corrosion resistance of geopolymer materials was carried out
according to the change in the mass and strength of the samples after 180 days their immersion
in aggressive solutions, which were 2 and 5% solutions of H2SO4 and HCI, as well as 5% solution
of Na2SOs. For the purpose of comparison, OPC (Ordinary Portland Cement) was tested, sealed
with ordinary water, which was immersed in the same aggressive solutions.

As shown by the test results (Table 3), GPMs have higher acid resistance and sulfate
resistance compared to OPC, which is in good agreement with other studies [22—24].
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According to the authors of [25], the high corrosion resistance of geopolymer materials is
explained by the absence of Ca(OH): in their composition, a compound that is the main cause of
the destruction of Portland cement concrete.

Table 3. Corrosion resistance of GPM and OPC: weight and strength
losses of samples after 180 days immersion in aggressive solutions.

Strength before Weight loss, % Strength loss, %
Material testing, MPa H2504 HCI Na:SO4 | H2SO4 HCl | Na:SOs
’ 2% [ 5% [ 2% | 5% | 5% |2% |5% 2% |5% | 5%
GPM 92.5 025 | 1.32]0.15]391| 0.63 7 |11 | 10 | 15 1.9
OPC 73.0 1811 | * [27.7| * 328 |62 | * |70 | * 80
* Samples collapsed.

The XRD patterns of the GPM show a certain process. The main phases of the material
before its immersion in an aggressive solution (Figure 4a) are: X-ray amorphous phase and
diffraction lines of quartz (3.33 A), feldspar (3.19 A), calcite (3.03 A) and slag (2.86 A).

After 180 days immersing of the material in a 5% H2SOs solution (Figure 4b), the phase
composition remains the same, but the amount of the X-ray amorphous phase decreases, as does
the intensity of the diffraction lines of calcite (3.03 A). The same picture is observed after
immersion of the material in 5% HCI solution: a decrease in the amount of the X-ray
amorphous phase and calcite (Figure 4c).

Figure 4. XRD patterns of GPM: (a) before immersion in an aggressive solution
and after 180 days of immersion in 5% (b) H2SO4, (c) HCl and (d) Na2SOs solutions.

As the authors of [26] believe, the main reason for the loss of concrete strength in an
acid solution is the degradation of the geopolymer matrix, which is reflected in a decrease in the
intensity of the X-ray amorphous phase in XRD patterns (Figures 4b and 4c). Another process is
observed when the material is immersed in a 5% Na2SOs solution (Figure 4d). Here, the phase
composition and phase ratios remain almost on par with the initial material.

As our studies have shown, GPOs obtained from local raw materials have good durability
and high resistance to aggressive solutions, which is in good agreement with the data of other
researchers whom we have cited.
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Geopolymers are an environmentally friendly materials, and the transition from
conventional Portland cements (calcium silicate cements) to geopolymer cements
(aluminosilicate cements) in the construction industry holds great promise for the environment
around the world. Given the conservative nature of the global cement industry, the need for

industry standards and the general dependence on ambient temperature curing, this transition
will take time [27, 28].

4. Conclusions

1. GPMs synthesized on the basis of thermally modified clay rocks have good durability:
the dynamics of changes in strength over time show stable indicators.

2. Corrosion resistance of GPM depends on the composition of the aggressive solution: (a)
the higher the concentration of the aggressive solution, the greater the loss of mass and
strength; and (b) they are less stable in HCI solutions than in H2SOs, and rather stable in
Na2S0:s solution.

3. The indicators of corrosion resistance of GPM (change in mass and strength) after
immersion in various aggressive solutions correspond to changes in their phase
compositions.

4. Corrosion resistance of GPM is always higher than OPC under the same conditions of
aggression.
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MeTozmoM  OUCKPETHOTO  BaKyyMHO-TEPMHYECKOTO HCIIAPEHUS  IIpe/IBAaPUTENBHO
CHHTe3UPOBAaHHOTO MaTepHasa IPUTOTOBJIEHHI IJIEHKU Y bsSbs Ha srelikocandupoBoil mOAI0XKe
npy GUKCUPOBAHHBIX TeMIeparypax mogiaoxku B oomactu 1010 — 1280 K. Merogom mosHOrO
CTUpaHHA OIlpefe/leHa MeXaHWYeCKas IIPOYHOCTh IIPUTOTOBJIEHHBIX IIJIEHOK. YCTAaHOBJIEHO
BJIMSAHNE TeMIEPaTyPhl IOAJIOKKY IIPHU HAITBIIEHUH IIJIEHOK Ha MX MEXaHHUYEeCKYIO IIPOYHOCTb.

Beepenue

CoenmuHeHUsT peIKO3eMEeIbHBIX SJIEMEHTOB C CypbMOM MMEIOT HWHTEPeCHbIe
9JIEKTPUYECKYe, MaTHUTHBIE, ONITUYECKUe U npyrue cBoiicrBa. CKasaHHOE 0COOEHHO OTHOCHUTCS
K TOHKMM IUIEHKaM STHX MaTepHaOB, CBOMCTBA KOTOPHIX YaCTO OTJIUYAIOTCS OT CBOMCTB
O0BEMHBIX MaTepHaioB. B mocienmHee BpeMs Oo0/blIOe BHUMAaHHE YZAENAETCS U3YIEHUIO
MeXaHMYeCKUX CBOMCTB TOHKUX IUIEHOK, IIOCKOJIBKY B IIPOIjeCCe SKCIUTyaTallMy B IIJIEHKaX
MOT'YT pa3BbIBaThCsS BHYTPEHHHE HAIPDKEHUS, PeaKcalids KOTOPhIX MOXKET IIOBIUATH HA HX
dbusuyeckue coiicta [1 — 3].

Llenpto HacTosmeH pabOTHL SABIAETCS M3y4IeHVe BIUSHUS TEMIIEPATypPhl TOAJIOXKKH IIPU
[IPUTOTOBJIEHUY IUIEHOK COCTaBa YbsSbs Ha X MEXaHUYECKYIO IIPOYHOCTE.

OKCIIepUMeHTaIbHAA JacTh

Tonkue mieHku YbsSbs Tommunoit 1.2 MkM, AnnMHOM 8 MM M IWIMPUHONW 6 MM TOTOBHIIN
MeTOZ,OM ITVICKPETHOTO BaKyyMHO-TepPMUYeCKOTO MCIIapeHU IIpe/IBapUTeIbHO
CHHTEe3UPOBAaHHOTO Marepuana cocTaBa YbsSbs. B kadecTBe IOAJNOXKKM HCIIOIB30BAIU
netikocanup. Ilopnmoxkm wumenn ¢GopMy INIpAMOYTOJBHOTO TapajesUIeNuIesa pa3MepaMu
15x10x1 mm. Kax m3BecTHO, Ha COBEpIIEHCTBO IIPUTOTOBJIEHHBIX IUIEHOK OOJBIIOE BIHSHUE
OKa3bIBaeT YHCTOTA IIOBEPXHOCTH MOAJOXKKH. B maHHOHW paboTe NOAJIOXKKY 0OpabOTHIBAIU
cHavana B 20%-om pactBope NaOH, moToM mNpOMEBIBIM IUCTHUIMPOBAHHOM BOJOH, U
mpoBoawin TpaBieHue B pactBope cocraBa 30%HCIl+60%HNOs+10%H20OH. Konuenrpaiuu
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HCl u HNOs cocromsiu 99.8%. Ilocre xumuueckoil 0OGpabOTKM ITOAJIOKKY IIPOMBIBAIU
OUCTHJUINPOBAaHHON BOZo#. Ero mepeHocmIM B BaKyyMHYIO KaMepy U IPOBOAYUIM OTXUT IIPU
temueparype ~ 1000 K B revennu 1 u B Bakyyme nopsagka 10° mm pr. cr.

HenocpencrBenHo mepes; HamlblIeHHEM IPOBOAMIN OOMOApAUPOBKY ITIOBEPXHOCTHU
IIO/IJIOKKY 3JIEKTPOHHBIM ITyYKOM B TedeHUU 1 — 2 MuH. [Ipy mpuroropieHnH IJIEHOK BaKyyM B
paboueit kamepe cocraBiaan ~ 10°Ila. Temmeparypa wucmapurens O6sura pasHa ~ 2400 K,
pacCcTOsSHHe OT MCHApuTesd A0 HOAJOXKKH — 85 MM. CKOPOCTh HalbLIeHHA paBHAIACH ~ 40 —
45 A/c. TemmepaTypa MOJITOXKY B Pa3HBIX OIBITAX MeHAMACh B mpezerax 980 — 1300 K.

®azoBbIit  COCTAaB M KPUCTAIMYHOCTH  IIPUTOTOBJIEHHBIX IUIEHOK  M3y4aauCh
peHTreHOAUGGPAKIMOHHBIMU M 3JeKTpoHorpadmueckumu Merogamu. J[luddpakrorpammsr
cuuManu Ha ycraHoBke JIPOH-2 nmpu msmydyenunu Cu K« ¢ HukeneBsIM GUIBTPOM B pexuMme
HeIIPepBIBHOM 3allUCU CO CKOPOCTHIO 1°/MUH. DIeKTPOHOTpaMMbI CHUMAJIM Ha yCTaHOBKE MapKH
YOMB mnpu yckopsiomem Hampsxenun (75—100)-102B B pexxume «orpaxenus». Cocras
IIJIEHOK OIpefe/syId C IOMOIIBIO PEHTTeHOBCKOTO MHUKPO30HJOBOTO aHAJIM3a HAa YCTAaHOBKE
Camebax-Microbeam c ncrons3oBaruem BM PDP-11/73.

MexaHu4ecKyio IPOYHOCTb IIPUTOTOBIEHHBIX IUIEHOK M3MeP/IN Ha yCTaHOBKe, KOTOpas
aHAJIOTMYHA ONIMCAaHHOM B pabore [4]. Cxema ycraHoBKM mpuBejseHa Ha Pucynkel. O
IIPOYHOCTH IUIEHKH MOXHO CYAUTH IIO TOH paboTe, KOTOpas HeOOXOAMMA IJIA ee CTUPAHUA C
nopynoxku. Mccmemympas miaeHka crasurca B Humy 2. Moropom 7 mjeHKa IlepeMellaeTcs
BIepes u B3an. Ha mienky gaBur CrepikeHb 6, HA HIDKHEM KOHIlE KOTOPOTO 3aKpeIUIeH
3aMIIeBBI MaTepuaa TOMIMUHON ~ 1 MmM. Ha HeM HaHOCHTCA anMasHas IacTa, KOTOpas CTHPAET
IIJIEHKY C TTOJIOKKY Ipu ABrokeHuu [InuTsr 1.

Pucynox 1. Cxema ycTaHOBKU JIJIS KCCIeIOBAaHUA OTHOCUTEIbHOMN
MeXaHN4YeCKOH MPOYHOCTHU. 1 — IInTa, 2 — HUIIA JJI UCCIeyeMoit
IIEHKH, 3 — CTOHKa, 4 — MPy>KHUHA, 5 — AUCK, 6 — cTep:keHsb, 7 —
3JIEKTPOABUTATENb, § — IIymaabiia U 9 — 610K 3JI€KTPOIIUTAHNA.

Ha [luck 5 crepxHsA KIaZyTcs TPy3sl TakKMM O0pasoM, YTO IJIEHKA CTHPAeTCS C
IIO/IJIOKKYU IIOCJIe HECKOJIBKUX IPOXOXAEHUN HArpysku. 1akuM oOpa3oM IPOYHOCTH ILIEHKH
IIpU IIOCTOAHHOM HAarpyske u3MepseTcs YHUCIOM IIPOXOXZEHUH, KOTOpoe Tpebyercsa mjIs
IIOJTHOTO UCTUPAHUA IJIEHKU C IMTOJJIOXKKH.
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[Ipu wucremoBaHWM 3aBUCHMOCTH MeXaHWYeCKOH IIPOYHOCTH IUIEHOK YbsSbs oT
TEMIIEpaTypsl IIOAJIOKKM OKCIIEPUMEHTHI OBLIM  IIPOBeZeHBl Ha IUIEHKAaX OJMHAKOBOM
TOJIIIVHBI, paBHOH 1.2 MKM, IpU OAMHAKOBBIX HAarpyskax Ha IuteHKy, paBHoOi 300 r. Ilnenku
IIPUTOTOBJIEHBI TpHU TeMmueparypax noamoxkku HaumHag ¢ 1080 K u xomuas 1280 K uepes
xaxzsie ~ 30 — 40 K. JIpyrue mapaMeTps! HallbUIEHUSA OBLIN OAMHAKOBBIMU B IIpeZiesiaX OINOKY
SKCIIEPUMEHTA.

PesynsraTer 1 06cyxenue

OKCIIepUMeHTHI ITOKa3ajaW, 4TO NP TeMieparypax mnomnoxku Himke 980 K mrenkn
UMeIOT IIIOXO CGOPMUPOBaHHYIO CTPYKTypy, a Bbime 1300 K sapaarorcs nByxdasHBIMU:
cogepxaT YbsSbs m YbSb. B mnurepsane temmeparyp 1010 - 1280 K mnnenxu omuodaszusr u
HMMEIOT COCTaB, COOTBETCTBYIOMmMT Y bsSba.

[Inenxku HambUIeHHBlE IIPU TeMIlepaType IOAJIOXKH B YKa3aHHBIX IIpefieslaX KMMeEIOT
pOM6UYECKyI0 CTPYKTYpy C mapamerpamu pemerku: a=8.11, b=1595 u c=24.34 A, uro
XOPOIIO COTJIACYeTCA C AAHHBIMU JAJA 00beMHBIX KpHCTALIOB [5]. COrIacHO peHTreHOBCKOMY
MHUKpPOaHaIu3y, IIeHKU cogepskat 55.6 at.% Yb u 44.4 at.% Sb.

Ilo mnpousBemeHHBIM H3MepEeHHAM IIOCTPOeHa rpaduyecKas 3aBUCHMOCTb IIPOYHOCTH
IIeHOK YbsSbs oT TemmepaTypsl MHOJJIOXKM IIpH IIPUTOTOBIeHMM IUTeHOK (PucyHok 2).
[TpouHOCTP IIEHOK, NOJTyYeHHBIX IIpu TeMmmeparype nozanoxku 1010 K nmpunara 3a egunumy.
Kax BugHO m3 rpadumka IPOYHOCTH BO3PACTAET C yBeJIMYEHHEM TEMIEPATyphl ITOAJIOXKKU
npumepro 1o 1200 K. A npu manpHeiimeMm mossimmeHun Temmeparypst fo 1280 K, mpounocTs
BO3pacTaeT MejJeHHee U KpbIBasA KaK-Obl IIEPeXOJUT B COCTOSHUE HACBIIIEHH.

)
1

O'I'H(‘JCII'I'ﬂ.’]hHl’IH MEXAHIYECKAA NIPOYMHOCTE

i | I | 1 1 >
1000 1050 1100 1150 1200 1250 1300 TK

Pucynoxk 2. 3aBICUMOCTb OTHOCHTEIBOM MeXaHUIeCKOH TPOYHOCTH
IJIEHOK YbsSbs OT TeMIepaTyphl MOAJIOXKKY IIPY HAIIBJIEHUHU ILIEHOK.

Ecnn npu temmneparype mopioxku B 1080 K mna crupHua miaeHKM npu Harpyske Ha

tpymytoca nnaeHke B 300 r Hy>kHO IpousBecTU B cpefHeM 31 cTupaHUit, TO IpU TeMIlepaType
1280 K uwncrno crupanuu moxonut xo 98.
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VYBennueHne MeXaHWYECKOH IIPOYHOCTH IUIEHKH, IO BHUIUMOMY, OOBACHAeTCE Kak
Pe3KUM yBeJM4YeHHeM IPOYHOCTY NMPWINIIAHUA, TAK U TeMH U3MEHEeHUAMHU B CTPYKTYype ILUIEHKHU
M TIOJIJIOXKKH, KOTOPbIe COITyTCTBYIOT IIOBBILIEHHUIO TEMIIEPATyPHI.

3axioyenue

MeTtozmoM cTHpaHUA H3ydeHa 3aBUCHMOCTh MEXaHUYECKOH ITPOYHOCTH IUIEHOK Y bsSbs oT
TEeMIIepaTypsl INOAJIOKKK IIpu HambUleHHU. [lokasaHa, YTO ¢ yBeIWYeHHEM TeMIepaTypshl
mozymoxkku B ob6mactu 1010 -1200 K mexanmyeckas IPOYHOCTh JHMHEWHO YBEIUYMBAETCS
IIOYTH B TPH pasa, a B obmactu 1200 — 1280 K mocturaer HACHIIEHUS U OCTAETCSA IOCTOSIHHOM.
BrIcka3aHO IIpeZIIOIOXeHNe, YTO yBeJIUdeHHe IIPOYHOCTH CBA3aHA KaK C yIydlleHueM aJre3uu
TaK ¥ KPUCTA/UIMY€CKUM COBEPIIEHCTBOM CTPYKTYPHI IIJIEHOK.
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Abstract

Zn-based crystalline nano- and micromaterials were synthesized by the pyrolytic
technology at 410°C. The powders of ammonium chloride, ZnO and Zn served as source
materials. At first, while the Si substrate temperature was rising up to 410°C, the ZnO
microcrystals were produced by the interaction of ZnClz vapor with water molecules. After the
consumption of ammonium chloride and the formation of an oxygen deficient environment,
the metallic Zn was providing the Zn vapor to the substrate. The hexagonal ZnO microcrystals
with prismatic habit were produced, together with hexagonal crystalline Zn platelets. Finally,
when the metallic Zn in the source was also completely consumed, the hollow ZnO
microspheres were formed.

Introduction

As it is well known, the properties of nanomaterials strongly depend on their
morphology [1 — 3]. The new shape of nanomaterials can give rise to some new properties, thus
increasing their functionality. In some cases, the morphological changes may also alter even
their toxicity and biocompatibility [4].

ZnO is a well-studied semiconductor, which attracts great attention because of its
unique properties, including a wide direct band-gap, piezoelectric and lasing ability, high
thermal and chemical stability. Besides, ZnO is an environmentally friendly material, because it
has low toxicity and high biocompatibility [5—-8]. ZnO has an inherent ability to form
nanomaterials with a variety of morphologies. The number of shapes that can get ZnO
nanomaterials is compatible with the well-established large number of morphologies that can
take the carbon-based nanostructures.

Recently, we have developed the new pyrolytic technology for the vapor growth of
nanomaterials. The novelty of this technology is based on the application of gaseous products
formed after thermal decomposition of ammonium chloride (NHsCl). Work aims to synthesize
the Zn-based nano- and micromaterials using this technology and to study their morphology.
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Experimental

The developed technology was described in our previous work [9]. Here, we will briefly
consider some of its details.

The nanomaterials were produced in the vertical quartz reactor, heated by an external
furnace up to 550°C. The mixture of NH4Cl, ZnO and Zn powders was done on its bottom. The
Si substrate was located at 2 cm distance from the source powders and was heated by the
convective flow. NH4Cl decomposed beginning from 195°C, forming gaseous HCIl and ammonia
[10]. Starting from 260°C the chemically aggressive hydrogen chloride reacted with ZnO
producing volatile ZnCl. and water molecules, which served as oxidizing species.

During the first growth stage, which lasted 40 min, the substrate temperature was
gradually increased up to 410°C and then stabilized. During this time the ammonium chloride
in the source was completely consumed. Until NHs«Cl was completely depleted, the ZnO
crystals were produced on the Si substrate due to the gas-phase reaction between ZnClz2 and
H20, or residual oxygen. In the second growth stage the Zn powder in the source was the only
Zn supplier to the substrate and the residual oxygen molecules were the only oxidizing species
in the reactor. In these oxygen-deficient conditions the Zn rich material was growing on the
substrate. In approximately 30 min the Zn powder in the source was also depleted and the
process was transformed in to the annealing of grown product in the residual oxygen. This third
growth stage lasted for 20 min. All three growth stages were performed in one closed
technological cycle without interruption of the process.

The morphology and composition of synthesized material was analyzed using the SEM
(Scanning Electron Microscope) Tescan Vega-3 XMU equipped with EDS (Energy Dispersive
Spectroscopy) and PCL (Panchromatic CathodoLuminescence) imaging methods. The structure
was studied by XRD (X-Ray Diffraction) method on Rigaku SmartLab-10 instrument.

Results and discussion

As outlined in the previous section, in the first growth stage, the water vapor and
residual oxygen served as oxidizing species for ZnCl: vapor. The former is thermodynamically
favorable at temperatures below 270°C, and the latter — below 470°C. According to [11], 91.3%
of the chemical reaction between ZnCl: and oxygen occurs in the gas environment and then
adsorbs on the substrate. Zn atoms can be produced at the substrate also by the interaction of Si
with ZnCl, yielding Zn and highly volatile SiCls. This reaction may proceed spontaneously, as
it has a negative Gibbs energy ranging from —37 kJ/mol at 300°C to —21 kJ/mol at 410°C. The
produced Zn may be oxidized, forming ZnO.

Figure 1a shows the SEM image of the synthesized ZnO granular layer. The sizes of
crystals vary in a wide range and the size of the longest one was 5 pm. As is known, ZnO has a
direct band-gap and high luminescence ability. Figure 1b represents the PCL image of the same
region. All crystals that are shown in Figure la are luminescent, indicating the formation of
microcrystals with the same composition and structure. XRD pattern in Figure lc, also
confirmed the synthesis of hexagonal ZnO microcrystals.
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Figure 1. ZnO nanocrystals produced in first
growth stage (a), corresponding PCL image (b)
and XRD pattern of same granular layer (c).
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It should be mentioned that the seeding of ZnO crystals on a solid surface from the
vapor is quite difficult due to thermodynamic restrictions and it is common practice to form the
initial ZnO seeds on a substrate [12]. No seeding layer was used in our technology. A high
nucleation rate of ZnO crystals can be explained by the initial treatment of a substrate in HCl
vapor during the growth and by the formation of Zn atoms on the Si surface, which are ideal
sites for the nucleation of ZnO vapor [13]. In the second growth stage, the metallic Zn powder
served as a source of Zn vapor. In this stage, the ammonium chloride was consumed and hence
the oxidizing water molecule concentration was low.

The crystalline Zn and ZnO both have hexagonal structures. However, there is a great
difference in the surface properties of their facets. The Zn terminated basal (0001) facet of ZnO
has the highest surface energy and chemical activity [13]. ZnO crystals usually grow along c-
axis, which is perpendicular to Zn (0001) surface. In contrast to this, the {0001} facets of
metallic Zn have a lowest surface energy. They are chemically inert, more stable, and resistive
to oxidation [14]. Accordingly, the metallic Zn nano- and microcrystals naturally grow laterally
by expanding their chemically active {1010} or {1120} facets and forming plate-like layers.

Figure 2 represents images of material formed on Si substrate in the second growth stage.
In the oxygen-deficient atmosphere, the spherical particles were produced with maximum sizes
reaching tens of um. The spheres were growing on the granular ZnO layer, which was
produced in the first growth stage. The detailed analysis revealed that the spheres had a layered
structure. The thicknesses of layers vary in the range of 100 — 200 nm. They were composed of
Zn plates with embedded ZnO nanocrystals having the same lateral sizes. The enlarged view of
a stack of such layers with spherical shapes is shown in Figure 2b. It should be emphasized that
according to the phase diagram of Zn-ZnO system [14], the solubility of oxygen in Zn is very
low. Accordingly, in the oxygen-enriched Zn layer at a substrate temperature of 410°C (which
is close to the Zn melting point), the spontaneous segregation of Zn and ZnO phases is expected.
The XRD pattern confirmed the presence of both Zn and ZnO phases (Figure 2c). The growth
of pure Zn and ZnO nanocrystals was observed on the surfaces of spheres.
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Intensity, cps

Figure 2. SEM images of layered microspheres
produced in second growth stage (a and b)
and XRD pattern of grown microspheres (c).

Figure 3. Zn and ZnO microcrystals synthesized in
second stage (a and b), ZnO hexagonal microdiscs
formed in same stage (c) and hollow microsphere
produced by ZnO microcrystals in third stage (d).

ZnO and Zn crystals, that were growing on the layer of Zn with embedded ZnO
nanocrystals, are shown in Figure 3a. They both have a hexagonal base. However, the lower
crystal has a distorted hexagonal prism appearance, while the upper forms a regular shape. The
prismatic habit indicates that the growth of ZnO was kinetically controlled and it was growing
along the c-axis. In contrast to this, the Zn crystals had the shape of hexagonal planes. They
were growing laterally and some of them merged during the in-plane growth. The pores and
steps with smooth surfaces on Zn hexagon surfaces indicate that, at this temperature, Zn
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evaporates from the plates. Some morphologies of ZnO microcrystals, which are grown on the
granular ZnO layer, are shown in Figures 3b and 3d. They include distorted hexagonal prisms
and hexagonal discs with a thickness of ~500 nm. One of the interesting morphologies that
were formed in the third growth stage is represented in Figure 3d. The hollow microspheres,
with shells consisting of ZnO nanocrystals, were produced from layered spheres. The third
growth stage was simple annealing of previously grown material in the residual oxygen-
containing environment. At 410°C the vapor pressure of Zn is high reaching 0.12 Torr. This
caused the out-diffusion of Zn from the core of the sphere to its surface, where it was oxidized
producing ZnO nanocrystals. Gradually, the dense shell of ZnO nanocrystals was produced,
which hermetically encapsulated the core. With time, the internal pressure of Zn vapor
increased and, at a certain critical pressure, the shell exploded, producing the hollow
microsphere.

Conclusions

The Zn and ZnO-based micromaterials were produced by the pyrolytic technology using
NH:Cl, ZnO and Zn powders as sources. The interaction of gaseous products formed after
decomposition of NH4Cl, with ZnO caused the synthesis of volatile ZnCl. and H20. The
developed technology had three stages. In the first stage, the sources and substrate were heated
up to 550 and 410°C respectively, during the first 40 min. Also, approximately at that time, the
NH4Cl powder was consumed and the following second stage proceeded in the oxygen-deficient
environment in the presence of Zn vapor produced due to the evaporation of Zn source. The
third stage was an annealing of produced material in the same oxygen-deficient ambient.

The layer of granular ZnO with sizes up to 5 um was formed in the first stage.

In the second stage, the layered microspheres were synthesized. The layers comprised
100 — 200 nm thick merged Zn plates with embedded ZnO nanocrystals. The microsphere was a
stack of these layers. On the surfaces of these spheres, the hexagonal ZnO microcrystals were
growing, together with hexagonal Zn microplates.

At the end of the third stage, the hollow microspheres were produced from the
microspheres. They were synthesized by the transformation of Zn-rich microspheres. The
formation mechanism included Zn outdifussion from the core, growth of ZnO crystalline shell
around the Zn-rich spherical core, and its hermetic encapsulation. These processes were
followed by the explosion of a core due to the increased Zn vapor internal pressure and
formation of hollow ZnO microspheres.
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Abstract

Over the last years, nanotechnology has been implemented in almost all branches of
human live. Until now, numerous nanomaterials have produced and used to eliminate inorganic
and organic species from wastewater effluents, in many cases, these are found more efficient
than the conventional adsorbents. Within these attempts, hydrogels as a group of polymeric
materials have received high interest in recent years. The hydrophilic structure of which
renders them capable of holding large amounts of water in their three-dimensional networks.
The extensive employment of these products in a number of industrial and environmental areas
has considered being of prime importance. In this paper, the fundamental concepts,
classification, physical and chemical characteristics, production methods and technical
feasibility of their utilization is reviewed based on the composite hydrogel. A special attention has
given to utilization of them for wastewater purification especially for the effluent received from
textile industry.

1. Introduction

One of the extremely major problems facing the modern world is the shortage of natural
resources and the environmental pollution resultant from industrial activities. There is no doubt
that water is an important natural resource and it needs protection. However, rapid
industrialization and urbanization since 1940’s has continuously reduced the quality of water
due to the addition of large amounts of pollutants such as pesticides, petroleum hydrocarbons,
heavy metals, polychlorinated biphenyls, and synthetic dyes to the receiving environment [1].
These necessities to innovate among traditional techniques to be able to apply efficient
processes in such a way that contaminants can be removed or even recovered to be
reincorporated into productive processes [2]. Although, several physical, chemical and
biological treatment methods have been developed and successfully adopted in to the industry
to solve this problem, in recent years, adsorption technique has been re-gaining interest due to
its own advantages on the removal of stable pollutants, flexible process design, process economy
and capability of effectively removing heavy metals at very low concentration (1 — 100 mg/L)
[3]. In adsorption, one of the key parameter that influences treatment recovery is the adsorbent

https://doi.org/10.52340/ns.2022.17 147



Nanocomposite hydrogels and their application for environmental remediation: In review.

material. Therefore, adsorbent materials are of great scientific and technological interest owing
to their ability to interact with specific substances and efficiently separate them from a mixture.
Among the materials that have been practiced as adsorbents, the inorganic particles and
polymers / biopolymers are the most preferred materials. Most of them have acceptable
adsorbent capacities on their own, but recently, the generation of polymeric matrices in the
form of hydrogel reinforced with inorganic materials or mixtures of polymeric networks has
been explored as innovative material to improve or increase the adsorption capacity. Composite
hydrogels combine effective adsorption, high specific surface area and easy applicability, so they
represent a great alternative for the elimination of heavy metal ions or organic substance
present in aquatic ecosystems [3].

Within the well-known pollutants, heavy metals and perfluoroalkyl substances or
organic dyes are representing major contaminant. Dyes have been linked to a variety of health
problems in humans and aquatic life. Various industries such as textile, leather, paper, cosmetics,
medicine, and food factories use dyeing for nylon, wool, silk, plastics or biological stains. More
than 10.000 different dyes and pigments are known to be used in industries, and 0.7 million
tons of synthetic dyes are produced annually worldwide, as reported by Saratale, et al. [4], an
approximately 280.000 tons of textile dyes are discharged every year. 10-15% of the
approximately 10° tons of dye produced globally each year are released into the environment.
To minimize the negative environmental consequences of dye release, improved water
remediation systems are needed. Several strategies for removing dyes from the environment
have been investigated, including chemical oxidation, membrane filtration, ion exchange, and
most commonly, adsorption [5]. Activated carbon is the primary adsorbent material employed
for water purification because of its high capacity, porosity, and versatility in adsorbing
different pollutants. Despite these useful properties, making and regenerating activated carbon
is costly, leading researchers to explore alternative adsorbents. Attempts have therefore been
made by many researchers to find inexpensive alternatives. Most research undertaken for that
purpose has focused on the use of polymer based composites (hydrogel) due to their sustainable
sourcing, biodegradability and low cost.

2. Hydrogel

Hydrogel can simply be described as a three-dimensional hydrophilic polymer material.
It can be classified as natural, synthetic or hybrid, depending on the source of the constituting
polymers. The hydrophilic groups within the structure such as hydroxyl, carboxyl, and amide
that allow it swell in water and hold a large amount of water. The chemical and physical
crosslinking of the individual polymer chains ensure that the hydrogel remains stable to a
certain extent. This can be performed in a number of ways such as by covalent bonds
(chemically), using ionizing radiation to generate main-chain free radicals which can
recombine as crosslink junctions, crosslinked by non-covalent interactions as entanglements,
electrostatics, and crystallite formation (physically) or by a combination of both. The cross-
linked polymer network is highly sensitive to stimuli such as solvent composition, solutes, pH,
temperature, electric field, and light [6].

Around 1900, the term ‘hydrogel’ first appeared in the scientific literature when it was
used to describe a colloidal gel of inorganic salts [7]. Hydrogels as we know them today were
first reported in 1960 by Wichterle & Lim [8], cross-linked macromolecular networks swollen

148 https://doi.org/10.52340/ns.2022.17



H. Kurama. Nano Studies, 2021-2022, 21/22, 147-162.

with water. In the two decades following this discovery, hydrogel research has been focused
mainly on relatively simple, chemically crosslinked synthetic polymer networks. In this period,
PAM (PolyacrylAMide) is an important hydrogel-forming polymer. Although it was initially
used in industrial applications such as agricultural gels, extensive researches has also been
performed within this stages as potential candidates for biomedical applications especially for
the physical retention of cells and enzymes. PAM gels have still keeping their importance as the
basic starting polymeric material. They have recently found widespread biomedical application
as soft tissue fillers, augmentation materials and adsorbent for environmental applications.
Then, starting in the seventies, a different concept of hydrogels gained prominence: second-
generation materials that can respond to specific stimuli, such as changes in temperature, pH, or
the concentration of certain molecules in solution. These specific stimuli can be used to trigger
similar specific events such as polymerization of the material, a drug delivery, or the formation
of an in situ pore. Finally, third-generation hydrogels focused on the research and development
of stereocomplex materials. A detail of the historical progress of the hydrogel for biomedical use
can be found in the recent paper released by Buwalda, et al. [9].

2.1. Production of hydrogels

Most hydrogels are formed by polymerization of vinyl monomers containing hydrophilic
groups with multifunctional vinyl monomers or by crosslinking reactive functional groups of
hydrophilic polymers. Various agents are used to promote cross-linking. Temperature, UV
(UltraViolet) or gamma radiation, magnetic field, electric field, pressure and sound are the main
crosslinking agents for physical crosslinking while for chemical crosslinking, ionic solvents and
enzymes are generally used [10—12]. It is assumed that chemical crosslinking is a powerful
method that produces strong and mechanically stable hydrogels. By manipulating the chemistry
of the hydrophilic segments in the polymers and degree of crosslinking, hydrogels may be
tailored to exhibit specific properties [13]. Main components of the hydrogel synthesis process
are monomer, cross linker and initiator (Figure 1).

Jr' A" D

e o initiator
'. /.? .o>. (:

(o}

~  Acrylamid
crylamide \)I\NHZ
o] o
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Figure 1. Synthesis of PAM hydrogel. Precursor is
mixture of acrylamide as monomer, crosslinker (N'N-
methylenebisacrylamide) as initiator and water [14].
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Beginning with 1960, several synthesis methods has been offered in literature.

According to [15], these methods may classify mainly as follow:

J Bulk polymerization (Figure 2) occurs by combining two or more monomers with the
aid of a suitable initiator for hydrogel formation. In this polymerization, the monomers
form a homogeneous hydrogel composition.

° Solution polymerization / crosslinking (Figure 3a) occurs by reacting ionic and neutral
monomers together with the appropriate crosslinking material. The reaction is initiated
with the help of UV light or using a redox initiator system.

° Suspension polymerization or reverse suspension polymerization (Figure 3b) occurs by

dispersing the initiator as a homogeneous mixture in the hydrocarbon phase as well as
the monomers.

e Monomer' Crosslinker WV Initiator
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Figure 2. Bulk polymerization [15].
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Figure 3. Schematic flowsheets of solution
(a) and suspension (b) polymerizations [15].

The suspension polymerization process flow sheet of Figure 3b is very similar to the
solution polymerization process, with the exception that water replaces the solvent and the
reactor operates adiabatically. Polymerization by irradiation involves the use of high energy
radiations such as electron beams / gamma rays as an initiator to prepare the hydrogel. As
simply discussed above, today, hydrogels can be used in a wide range of applications from
biomedical applications to environmental use.
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For these applications, although biomedical usage consists of the main part of the
performed researches and applications, it’s usage as adsorbent for the treatment of harmful
impurities from wastewater in environmental applications is also one of the prominent research
areas. The functional groups in the 3D network perform a selective and effective adsorption
process by making the equivalent bond with the target molecules, the amorphous and soft
structure of the hydrogel adversely affects the adsorbent stability during the process, and also
requires long processing times to reach the desired adsorption capacity. Furthermore, hydrogels
with chemical crosslinks need to undergo extensive purification steps to remove toxic
crosslinking reagents prior to use, complicating their production [15]. Therefore, the new
approach is the production of composite hydrogel where the synergistic effect is created by
strengthening the polymeric structure with organic or inorganic additives. The presence of
inorganic matter in the hydrogel composition modifies the strength properties of conventional
hydrogel. Inorganic additives can be metallic nanoparticles, as well as oxides (graphene oxide)
and nano-or micro-sized clay minerals such as kaolin, bentonite montmorillonite. In this
context, montmorillonite and bentonite are the most preferred mineral additives due to their
high adsorption capacities for organic compounds and high polymer—clay interface reactions.

2.2. Nanoparticles and fabrication of nanocomposites

Nanoparticles are of scientific interest as they act, as bridges between bulk materials and
atomic or molecular structures. A bulk material has constant physical properties regardless of its
size, but at the nanoscale, size-dependent properties are getting important. The interesting and
unexpected properties of nanoparticles can be attributed to the large surface area, and this
dominates the contributions made by the small bulk of the materials. For example, titanium
dioxide impart a self-cleaning effect when it is nanosized, nanoparticles of zinc oxide have
superior UV blocking properties compared to their bulk substitute is therefore they are often
used in the preparation of sunscreen lotions. The usage of nanoparticles dates back to the
Roman time, in the 4th c. the famous Lycurgus cup (Figure 4) made of dichroic glass, as well as
in the 9th c. in Mesopotamia for creating a glittering effect on the surface of pots. Pottery from
Middle Ages and Renaissance often retains distinct gold or copper colored metallic glitter. This
luster is caused by a metallic film that was applied to the transparent surface of a glazing [16].

Figure 4. Famous “Lycurgus Cup” is one of earliest
known uses of nanotechnology in human history [17].
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Polymers are often reinforced with various sized fillers to overcome some of the
limitations of polymers and thus expands their applications. Nowadays, composite materials
represent one of the most active fields in the polymer industry. Many different types of fillers,
carbon black, calcium carbonate, glass fibers and talc in the micrometer size range have been
added into polymers to provide an improvement of the final product properties. However, this
improvement could only be achieved at high filler concentrations, which lead to an increase in
the viscosity of the material and, hence, problems in processing. In case of micrometer size, in
recent years, it has been observed that the addition of just a small quantity of nano-sized
layered materials greatly improved the properties of virgin polymers without affecting their
processability [18].

Nanocomposite materials are multi-phase materials in which at least one of the phases is
in the Nano Space. In general, nanomaterials provide reinforcing efficiency because of their
high aspect ratios. The properties of a nanocomposite are greatly influenced by the size scale of
its component phases and the degree of mixing between the two phases. Depending on the
nature of the components used and the method of preparation, the final properties of the
composite material are significantly affected. Today, nanocomposite materials are used as viable
alternatives to overcome the limitations of different engineering materials. It offers completely
new application opportunities to solve changing barriers in fields such as medicine,
pharmaceutical industry, electronics, environmental and energy industry. Composed of metallic
and polymeric materials, the nanocomposite material provides an advantage in maintaining
properties such as overcoming defects. These materials represent the multiphase transition of
matrix material and reinforcement material. The reinforcement material is a dispersed phase,
usually organic or inorganic nano particles, glass fiber, organic fiber, etc. Fibrous materials such
as, matrix material is a continuous phase and includes metallic, inorganic non-metallic and
polymer matrix materials. Therefore they are classified mainly into three classes: metal matrix,
ceramic matrix and polymer matrix nanocomposites [19, 20].

Sheet-like filler ‘ Fiber or tube filler
Thickness -1 nm  (—

Diameter < 100 nm
P
%ﬁ

o I

Spherical filler
Diameter < 100 nm

Figure 5. Schematic diagrams of
three types of nanoscale fillers [21].

Depending on the dimensions and the type of the dispersed nanoscale filler or additives,
polymer nanocomposites can also be categorized into three major classes (Figure 5). In the first
class, the two dimensional (2D) nanoscale fillers such as layered silicate, graphene or MXene in
the form of sheets of one to a few nanometer thick and of hundreds to thousands nanometers
long are present in polymeric matrices. In the second type, two dimensions are in nanometer
scale. These nanoscale fillers include nanofibers or nanotubes, e.g., carbon nanofibers and
nanotubes or halloysite. The third type is the nanocomposites containing nanoscale fillers of
three dimensions in the order of nanometers. These nanoscale fillers are iso-dimensional low
aspect ratio nanoparticles such as spherical silica, semiconductor nanoclusters and quantum dots.

152 https://doi.org/10.52340/ns.2022.17



H. Kurama. Nano Studies, 2021-2022, 21/22, 147-162.

More information on the modifying effects of various nanofillers on mechanical and physical
properties of polymer nanocomposites, the three basic aspects of processing, characterization
and properties were critically reviewed recently by Fu, et al. [21].

2.2.1 Nano composite hydrogel (NCH)

As briefly discussed above, basic or pristine hydrogels usually suffer from low
mechanical strength and limited stiffness due to their intrinsic structural inhomogeneity and
lack of effective energy dissipation mechanism. Therefore, several affords have been performed
to develop a new kind of hydrogel material with high mechanical properties for practical
applications in literature. Various hydrogels fabricated by different methods have been reported
[22 — 25], such as double-network hydrogels (DN gels), nanocomposite hydrogels (NC gels),
tetra polyethylene glycolhydrogels (tetra-PEG hydrogels), sliding-ring hydrogels,
macromolecular microsphere composite hydrogels, and physical interaction hydrogels
(including hydrogen bonding, dipole-dipole interaction, hydrophobic interaction, and
electrostatic interaction). Within these possibilities, addition of nanomaterials with different
bases is accepted as the most preferred method used to attain nanocomposite hydrogels with
desired properties. Carbon-based nanomaterials (carbon nanotubes or graphene, nanodiamonds),
polymeric nanoparticles (dendrimers and hyper-branched polymers), inorganic / ceramic
nanoparticles (hydroxyapatite, silicates and calcium phosphate) and metal / metal oxide
nanoparticles (gold, silver, graphene, iron-oxides, and graphene oxide) can be given as an
examples of these nanomaterials. Among these, clay-based materials have a privileged
importance due to their cost advantages, biocompatibility and widespread uses.

Historically, the term of clay can be described a material consists of small inorganic
particles (part of soil fraction less than 2 mm), without any definite composition or crystallinity.
Clay minerals are usually of a layered type and a fraction of hydrous, magnesium, or aluminum
silicates. Every clay mineral contains two types of sheets, tetrahedral (T) and octahedral (O).
Hectorite, saponite, and montmorillonite are the most commonly used smectite type layered
silicates for the preparation of nanocomposites.

It was noted that the characteristic properties of hydrogels including the mechanical and
thermal properties are able to be largely affected by the content of added clays [26]. These
properties can be significantly enhanced when clay minerals are incorporated into the polymer
matrix [20], because the increasing the clay amount will lead to an increase in the crosslink
density. They revealed that these hydrogels showed very high elongation at break, close to or
greater than 1500% and their tensile properties strongly depended on the content of clay. The
increase of modulus and strength values is proportional to the content of clay. In addition, clays
can improve the higher toughness of hydrogels based on the formation of an intercalated
architecture with more cross-linking points [27]. The incorporation of clay nanoparticles into
polymer matrices leads to development of more strong materials with higher glass transition
temperature and mechanical properties. However, long-standing problems for polymer—clay
nanocomposites include true exfoliation of clay particles in discrete layers, homogeneous
distribution of clay layers throughout the polymer, and randomness of clay sequences. It is
important to know that the physical mixture of polymer and layered silicate always may not
form nanocomposites with desired properties. Solid layered silicates usually contain hydrated
Na* or K* ions. To make layered silicates miscible with other polymer matrices, hydrophilic
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silicate surface mostly be converted to an organophilic surface, which can be accomplished by
ion exchange reactions with cationic surfactants, e.g., Nax(Al>>Mgx)(514010)(OH)2-mH20 sodium
montmorillonite-type layered silicate clays are available as um size tactoids, which consists of
several hundreds of individual plate-like structures with dimensions of 1 mm: 1 mm — 1 nm.
These are held together by electrostatic forces (gap in between two adjacent particles, 0.3 nm).
The most difficult task is to break down the tactoids to the scale of individual particles in the
dispersion process to form true nanocomposites, which has been a critical issue in current
researches [28]. The more detail on exfoliation or intercalation especially for clay-
nanocomposites can be found recent paper published by Yildiz & Kurama [29]. Figure 6 shows
some structures of such kind. The development of these properties is the main reason for the
research on hydrogel-nanoparticle composite materials obtained with improved mechanical
strength. For example, silica nanoparticle hydrogel composite materials, silica nanoparticles and
modified poly ethylene glycol seen in recent studies have shown much improvement in tissue
adhesive property, mechanical stiffness and bioactivity.

) o

immiscible. intercalated exfoliated

Figure 6. Atoms are colored as follows: Al = pink, Au =
yellow, O =red, H = white, Na = blue, C = cyan [30].

Apart from clay-hydrogel composite structures a variety of functional graphene-based
composites fabricated by chemical modifications or non-covalentfunctionalizes. However, the
strong interaction of p—p band structure between graphene sheets makes them hydrophobic and
the poor stability for direct applications. Therefore, public attention is thoroughly aroused as to
the modified graphene nano-materials such as graphene oxide (GO). GO-hydrogel composite
materials are also one of the interesting applications in recent years [31 — 33]. GO is generally
accepted as one of the most preferred materials due to its hydrophilic structure, multiple
functional groups and high surface area. Due to the presence of different oxygen-rich functional
groups (carboxyl, carbonyl, hydroxyl, etc.), the negative potential between GO layers creates an
increased effect, particularly in the adsorption of colorant molecules. A detail of preparation
methods and the application areas can be found recent report released by Lu, et al. [34].

Consequently, although many additives are taken into consideration, clays, graphene,
graphene oxide, carbon nanotubes, FesOs, chitosan, etc., due to the increased durability,
adsorption capacity and reuse advantages of the additives with the individual advantages, it is
seen that the vast majority of research studies are concentrated on clay-hydrogel composite or
GO hydrogel composite material production.
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A wide variety of nanoparticle-hydrogel composites can be developed with the various
types of nanoparticles hidden in a hydrogel. Generally, five conditions shown in Figure 7 are
used for a correct distribution.
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Figure 7. Five cases used to obtain hydrogel-nanoparticles [35].

In summary, the benefits of combining two different materials such as nanoparticles and
hydrogels create advanced materials with unique properties not found in individual
components, so such composite materials have become one of the areas of interest for
researchers and practitioners in recent years, especially for environmental improvements.

3. Usage of composite hydrogel for environmental applications
3.1. Removal of heavy metal ions

Heavy metal ions such as Cd*, Pb%*, Cu?, Mg? and Hg?* from industrial wastewater
constitute a major cause of pollution for ground and surface water sources. These ions are toxic
to man and aquatic life as well, and should be removed from wastewater before disposal.
Various treatment technologies have been reported to remediate the potential toxic elements
from aqueous media, such as adsorption, precipitation, and coagulation, flotation, filtration, etc.
Most of these techniques are associated with some shortcomings and challenges in terms of
applicability, effectiveness and cost. However, the adsorption techniques have the capability of
effectively removing heavy metals even very low concentrations and workability under
different conditions and materials. Adsorption has wide pH range, high metal binding capacities,
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and easy operating conditions addition to its low-cost [36]. Until now, many adsorbents
including nanosized materials, industrial by-products, and mineral substance have been
developed and tested. Materials that qualify as effective adsorbents include inorganic particles
and polymers / biopolymers. Although some nano-adsorbents have good dynamics and high
adsorption capacities, using ultrafine particles for their synthesis results in difficult separation
and regeneration leading to high operating costs and secondary pollution, in contrast, polymeric
hydrogels exhibit a distinctive feature of water permeability and provide a rapid channel
accessibility to the interior for foreign molecules. The generation of polymeric matrices in the
hydrogel state reinforced with inorganic materials or mixtures of polymeric networks
generating composites has been explored to improve or increase the adsorption capacity.
Composite hydrogels combine effective adsorption, high specific surface area and easy
applicability, so they represent a great alternative for the elimination of heavy metal ions
present in aquatic ecosystems. The state of the art of materials, strategies to generate composites
in a hydrogel state with properties adapted for the adsorption of heavy metal ions can found a
review published by Muya, et al. [37].

For composite hydrogel, the presence of hydrophilic functional groups, such as
carboxylic acid, amine, hydroxyl and sulfonic acid groups that act as complexing agent for the
removal of metal ions from aqueous solutions. Interaction and sorption of organic pollutants
and metal ions on to polymers chains that becomes accessible only after the hydrogel opens up
in aqueous phase. The network of hydrophilic polymers can swell in water or biological fluids
and hold a large amount more than 400 times its original weight more than 20% of their dry
weight. Hydrogels can be regenerated as it is insoluble in water because of the presence of
chemical crosslink. Adsorption of the metal ions by hydrogels takes place by the attraction
mechanism, depending on the difference in charge between the positively charged metal
cations and the negatively charged active sites distributed everywhere along the hydrogel
structure and these active sites govern the whole uptake of the metal cations by the hydrogels.
The most widely abundant function groups present in the structure of any hydrogel are
hydroxyl groups and carbonyl groups. More information on the synthesis of the hydrogels for
waste water treatment and insight into increase in selectivity, efficiency and reusability of
hydrogels can found a review released by Shalla, et al. [38].

A recent paper that was published by Ma, et al. [39] can be given another interesting
example for the hydrogel usage. In this study, an enhanced double network hydrogel adsorbent
of poly(vinyl alcohol) / poly(2-acrylamido-2-methyl-1-propanesulfonic acid) or PVA / PAMPS
was prepared by simple free-radical polymerization. The authors reported that the introduction
of multifunctional groups (NHR, -SOsH and -OH) endowed the adsorbent with both chelating
and ion exchange function. The maximum adsorption capacities of Pb?* and Cd?" were reported
as 340 and 155.1 mg/g, respectively. The removal efficiencies reached 88.1% for Pb*, 91.4% for
Cd*, 70.4% for Zn*, 77.4% for Cu*, 42.5% for Mn?*, 45.1% for Ni** and 95.4% for Fe* using
2 g/L adsorbent in 2 h. Moreover, it was noted that, the adsorbent showed a good reusability,
and the removal efficiencies maintained 94% for Pb** and 93% for Cd?* in the fifth cycle.

The hydrogels commonly applied in water / wastewater treatment was mainly classified
into three classes according to their shape included hydrogel beads, hydrogel films, and
hydrogel nanocomposites. Recently, Tran, et al. [40] published a review based on several
research papers on the removal of pollutants such as hydrogels and heavy metal ions, dyes and
radionuclides from water / wastewater to elucidate reactions between pollutants and the
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potential for recycling and regeneration In this study, protein-based hydrogels, GO, itaconic
acid (IA), 2-hydroxyethyl acrylate (HEA), combination of IA with 2-hydroxyethyl acrylate, pH-
sensitive, sodium alginate / itaconic (NaAlg/IA) hydrogels, clay based hydrogels and the
hydrogels prepared by based on combining CS, AA, and organically modified nanosilica by 3-
aminopropyl triethoxysilane (APTS) for removal of heavy metal ions has been reviewed. The
information on adsorption kinetics and mechanisms of adsorbents on hydrogel was also given.

3.2. Textile industry effluents and remediation

Dyeing in various manufacturing processes such as textiles, leather, rubber, paper,
plastics, pharmaceuticals and food is among the most polluting industrial activities as it
generates enormous amounts of colored wastewater [41]. More than 10.000 different dyes and
pigments are known to be used in industries, and almost 0.8 million tons of synthetic dyes are
produced worldwide annually. About 10— 15% of synthetic dyes are lost during different
processes of textile industry. Manufacture and use of synthetic dyes for fabric dyeing has
therefore become a massive industry. Synthetic dyes have provided a wide range of colorfast,
bright hues. However, their toxic nature has become a cause of grave concern to
environmentalists. Use of synthetic dyes has an adverse effect on all forms of life. Presence of
sulphur, naphthalol, vat dyes, nitrates, acetic acid, soaps, enzymes chromium compounds, and
heavy metals like copper, arsenic, lead, cadmium, mercury, nickel, and cobalt and certain
auxiliary chemicals all collectively make the textile effluent highly toxic. These organic
materials react with many disinfectants, especially chlorine, and form byproducts (DBPs) that
are often carcinogenic and therefore undesirable. This effluent, if allowed to flow in the fields,
clogs the pores of the soil resulting in loss of soil productivity [42].

According to a Business Research Company’s research report, major driving factors of
the synthetic dyes and pigments market are increasing demand for high-performance pigments
(HPP), and growing opportunities for new applications in end-user industries such as printing
inks, textile, construction and plastics. The global paper, plastics, rubber, wood and textile
market is estimated to grow from $5,782.5 billion in 2020 to $8,049.7 billion in 2025 at a
compound annual growth rate (CAGR) of 6.8%, implying the demand of synthetic dyes in the
market. This situation is remarkable in terms of showing the size of the increasing threat with
the increasing use of paint.

Textile effluents are usually treated by physical, chemical processes or biological
remediation such as sorption, oxidation, flocculation, etc. Color removal by activated carbon,
H203, sodium hypochlorite and other chemical agents has been widely practiced in the textile
industries [42]. Although activated carbon remains the most widely used adsorbent, its
relatively high cost restricts its use. Many recent studies focus on the development of clay based
adsorbents as the most promising cost-effective new alternative material. The use of
montmorillonite (MMT) and its modified forms for pollution control has been reported by
Wibulswas [43]. In this study, montmorillonite and its derivatives were examined as an
alternative sorbent for methylene blue adsorption as batch and fixed bed forms. The modified
clays were prepared by altering the surface properties of the raw montmorillonite clay, from
organophobic to organophilic, with four types of quaternary ammonium compounds namely,
tetramethylammonium chloride (TMA), tetradecyltrimethylammonium bromide (TDMA),
hexadecyltrimethylammonium bromide (HDTMA, and benzyldimethylhexadecylammonium
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chloride (BDHDMA). It was reported that the modification of MMT by surfactant positively
affects the exfoliation of clay layer and TMA-clays have the higher BET (Brunauer—-Emmett—
Teller) surface area than those of the raw clays and the organic clays. The adsorption capacity of
MMT was calculated as 322.6 mg/g or 100 meg/100 g of clay).

In many subsequent studies, clay-based hydrogels have been reported as effective
alternative adsorbents for dye removal [44 — 47]. Li, et al. [48] proposed that use of nanoclay for
the synthesis of nanocomposite (NC) hydrogel in their study. NC was prepared by incorporating
the nanoclay (laponite (Lap) XLS) into a poly(acrylamide) (PAAm) hydrogel by the in situ
polymerization method without any organic cross-linker. It was reported that the adsorption of
crystal violet (CV) dye by the hydrogel increases as the concentration of the dye increases. The
cationic dye adsorption ability of the NC hydrogel increased with increasing clay content in the
NC hydrogel. Such a binding was found to be responsible for the very large amount of
monovalent organic cations adsorbed to laponite, which attained its cation exchange capacity.
In Lap XLS, negative sites occur at the external surface, and may form a complex by the
interaction between one dye cation and one of these negative sites of clay. Therefore,
electrostatic interactions between the dye molecules and hydrogels are dominant.

Except than well-known surfactants, the use of cationic surfactant (CTAB) and anionic
surfactant (SDS) for the modification of Ca—montmorillonite (Ca—MMT) has been also reported
by Zhang, et al. [49]. The authors reported that MMT-CTAB-SDS exhibited excellent
dispersion property and the plates with few silicate layers can be observed. In this study, Ca-
MMT was modified with CTAB and then expanded by SDS with the synergistic effect. The
usability of cationic surfactant (Hexadecyltrimenthylammonium chloride) modified bentonite
clay as an efficient adsorbent for the removal of basic dyes such as methylene blue (MB), crystal
violet and rho-damine B (RB) from aqueous phase was also given as an interesting example. In
this study, it was noted that organomodified clay has a better capacity for the removal of three
dyes. The maximum dye sorption efficiencies were calculated as 99.99% for MB, 95.0% for CV
and 83.0% for RB at a pH of 9.0. The adsorption capacity for the dyes was found to be 399.74,
365.11 and 324.36 pmol/g for MB, CV and RB, respectively, at 30°C.

Another interesting study for the surface modification of clays was reported by Olusegun,
et al. [50]. In this study the pretreatment of clay by spray drying before adsorption was tested.
The adsorption tests were carried out using methylene blue and results showed that the
adsorption capacity was influenced by solution pH, with maximum adsorption at pH 10 and
120 min contact time. Adsorption kinetics data were well fitted to pseudo-second order kinetics
model. It was stated that spray dried method can also be concerning for pretreatment. It was
proposed that modified clay has a better performance than the chemically modified and raw
clay with adsorption capacity of 168 mg/g (at 333 K).

More recently, dyes adsorption using clay and modified clay has been well reviewed a by
Kausar, et al. [51]. In this report, appropriate conditions for clay-dye system and adsorption
capacities of a variety of clays were presented and sorption process was critically analyzed. As a
conclusion the authors reported that clays (natural and modified) are affective adsorbents for
the purification of wastewater containing dyes.

Instead of clay and GO-based hydrogels as an alternative adsorbent, cellulose-based
hydrogels (CBHs) can also be given interesting example as innovative materials that have been
extensively studied in recent years due to their high abundance, biodegradability, non-toxicity
and excellent adsorption capacity. The most recent review, reported by Akter, et al. [52],
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highlights different CBH adsorbents in the context of removing dyes and heavy metals from
wastewater following various synthesis techniques and adsorption mechanisms. This study also
outlines the various process parameters required to optimize the adsorption capacity, followed
by future research directions. MB, crystal violet, cross-linking for Cu?" treatment, instant
gelation, graft polymerization, freeze / thaw, etc. Electrostatic interactions, ion exchange and H
bonding was reported as main mechanisms for the cellulose based composite hydrogels
prepared by crosslinking, instantaneous gelation, graft polymerization, freezing / thawing and
so on, for the treatment of MB, crystal violet, Cu** Pb*, Ni*, Zn* and Cd?* ions.

4. Conclusion

With the rapid development of nanotechnology in the past few years, the study on the
nanocomposites has been increasingly become important in the development of new materials
for advanced applications. To fulfill the growing needs of multifunctional materials,
nanocomposites are the right choice as these are not only the versatile class of materials, but
also have a high level of integrated association. It is a multidisciplinary field which includes the
knowledge of scientific background as well as technological aspects to create macroscopic
engineered materials obtained through nano level structures. These materials are suitable
materials to meet the emerging demands arising from scientific and technologic advances.
Outstanding potentials of nanocomposites can be exemplified by the massive investments from
many companies throughout the world. The important aspects for nanocomposite especially
form of hydrogel, is that it provides plausible benefit to many of our industrial sector like
electronics and electrical industry, chemical industry, transportation sectors, health care
organizations, and above an all the protection of the environment. Hence, these are expected to
have high impact on making the environment cleaner, greener, and safer in the coming years.
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Abstract

Promising cathode materials based on iron-modified LiMexNiosxMn1504 (where Me = Fe
and x = 0.1 - 0.4) type compounds have been developed. Conditions for phase pure
nanostructured samples with cubic spinel structure obtaining based on LiCOs, Mn20s and Ni20s3
initial reagents are optimized. For this purpose, a number of solid-state synthesis methods in the
180 — 700 °C interval are used. Cathode materials based on Fe-Mn are economically attractive
due to the high abundance of Mn and Fe in nature. Cathode materials for lithium—ion batteries
containing iron, nickel and manganese can be a promising alternative to commercial LiCoO:
and LiNiO:2 samples.

Modern development of high technologies in the field of chemical power sources is
associated with elaboration of new materials. Application of these allows decreasing weight and
dimensions of power sources and increasing their energy capacity, capability and
resourcefulness.

Nowadays batteries represent very important technological objects. The three major
components of most batteries, including lead—acid, used for startup of car engines, as well as
wildly used compact lithium cells that are flourishing in a wide range of different applications
(e-books, watch, etc.) are electrodes (anode and cathode) and electrolyte. An intensive search
for efficient, in terms of price and operational performances, of above mentioned components
for new type batteries is carried out by all developed countries.

Lithium—ion batteries (LIB) are now ubiquitous. Recently they found application in
electric and hybrid vehicles. There is an inevitable shift underway as the automotive industry
transitions from traditional gasoline powered vehicles to more efficient, environmentally
responsible modes of transport. Hybrid electric vehicles and electric vehicles are making
inroads into the global marketplace, but the going is slow and the obstacles are many. As yet,
these vehicles have not returned much profit for their manufacturers. However the problems
can be solved with the improvement of batteries technology. There are prerequisites to increase
the energy of lithium batteries and reduce their prices. Currently new fuel sources are in
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development. Meanwhile, lithium-ion power sources continue to be the most preferable in the
next 20 years.

It is known that LIBs are used in electric and hybrid cars. Besides, lithium-rich
compounds represent a promising cathode material of Li-ion accumulators due to their high
electrochemical properties. These properties are mainly determined (settled) by synthesis
methods, firing process, and a number of other factors. Lithium-rich compounds represent
cathode material of the next generation high-performance lithium—ion batteries [1, 2]. These
compounds are of great interest mostly because of the high capacity exceeding 250 mA-h/g.
However, a number of disadvantages, such as voltage drop caused by unwanted phase
transformations during cycling, as well as low operational performances still limit their
application. Improved cycling stability can be achieved by cathode materials doping
(modification). Lithium—ion batteries currently occupy a dominant position in the applied
electronics due to their high energy density, efficient performance and non-polluting nature.
Besides, as noted earlier, Li-ion batteries are considered promising for more complex areas of
technology. Regarding costs and raw materials, Fe-Mn-based systems are economically
attractive due to abundance of iron and manganese in nature. Therefore, LIB cathodes
containing Fe and Ni can become a cheap promising alternative to commercial LiCoO: and
LiMn2Os.

The goal of the preset work is development of promising cathode material based on Fe
modified Li-manganese spinel LiMn2Os, currently used in practice, which includes:

1. Determining crystallization onset temperature of LiMexNios«Mnis0s (Me = Fe) type
samples with spinel structure;

2. Optimizing conditions to obtain phase-pure, homogeneous, nanostructured cubic spinel
samples; and

3. Investigating impact of used synthesis method over more morphology, phase
composition and structure of the cathode material based on LiMexNios«Mn1504, where

Me = Fe is doping metal.

Properties of the synthesized samples are studied using a MOM derivatograph (Hungary)
with simultaneous recording of four curves: temperature (T) and weight (TG) curves, as well as
the corresponding differential curves (DTG) and (DTA) at a furnace heating rate of 10°/min.
X-ray diffraction patterns of the synthesized samples are recorded on DRON-3M-type
diffractometer with Cu-K« radiation in the range 20 = 10 — 60°. The detector speed was 2°/min.
d«/n denotes the interplanar spacing (A) and I/Io — the relative intensity. Chemical analysis of
the samples are implemented by atomic absorption method, as well as traditional methods of
chemical analysis.

To obtain LiFexNios+xMni504 (Me = Fe and 0 < x < 0.4) samples, the following methods
are used:

Method 1. The initial reagents LiCOs3, Mn20s, Ni2O3 and Fe203 in the amounts necessary
to obtain samples of given composition are mixed in a corundum crucible and placed in a cold
electric furnace and heated. Upon reaching 700°C in the furnace, the crucible is cooled, the
heat-treated mixture is thoroughly mixed and again placed in the furnace (tr =1 h and T =
700°C). The mixing process is repeated and mixture again is placed in the oven (again t=1h
and T = 700°C). In this case, LiFeosNio2Mni1504 (Sample 3) and LiFeosNioaMni504 (Sample 4)
compositions are obtained.
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Method 2. A crucible with carefully mixed starting components is placed in a cold
electric furnace. Upon reaching 700°C, the sample is processed for T = 5 h and then cooled in
the open air to room temperature. As a result, Sample 2 — LiFeo3Nio2Mn1504+ and Sample 5 —
LiFeo.4Nio1Mn150O4 with a given composition are obtained.

Method 3. 1t is a melting-saturation method. At the first stage of synthesis mixture of
initial reagents is treated at 180°C for 2.5 h and then at 700°C for 5 h. In this case Sample 1 -
LiFeo3Nio2Mn150s4 is obtained.

Table 1 presents the results of X-ray phase and diffraction studies. The structure of
Sample 1 — LiFeo3Nio2Mni504 obtained by melting—saturation method corresponds to lithium-
manganese spinel LiMn:Os (ASTM-736), but splitting of peaks 2.41 and 2.37 is observed.
Sample 2 — LiFeo3Nio2Mn1504 obtained by continuous heat treatment at 700°C corresponds to
phase-pure lithium—manganese spinel. Sample 3 — LiFeo3Nio2Mn1504 obtained by Method 1 also
corresponds to pure lithium-manganese spinel. Sample 4 — LiFe0sNio1MnisOs obtained by
Method 1 mainly represents spinel LiMn20s. In addition, the rudiments of NiMn204(ASTM-1-
1110) are observed. Sample 5 — LiFeo4Nio1Mn150O4 obtained by Method 2 is phase-pure spinel:
other phases are not observed.

Table 1. Results of X-ray phase and structural studies of synthesized
cathode materials of given compositions for Li—ion batteries.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
do/n I/Io | d/n | I/Io | do/n | I/Io | do/n | I/Io | do/n | /o
473 36 | 473 | 53 | 473 | 38 | 467 | 55 | 464 | 92

- - - - - | - |a2711]| s - | -
- - - - - | - ]259| 3 | - | -
248 | 100 | 2.48 | 100 | 2.48 | 100 | 2.46 | 92 | 2.46 | 89
241 | 10 | - - - | - - - - | -
237 | 18 | 237 | 20 | 237 | 21 |235| 18 | 235 | 24
- - - - - | - |208]| 26| - | -

2.06 77 2.06 67 2.06 74 2.04 | 100 | 2.04 | 100
1.88 11 1.88 9 1.88 9 1.87 18 1.87 16
- - 1.60 18 - - - - - -
1.58 23 1.58 22 1.58 19 1.56 | 26 1.56 32
a=0824nm |a=0824nm |a=0824nm |a=0816nm |a=0.816 nm

In summary:

1. Based on iron-modified lithium-manganese spinel — LiMexNios-Mn1504, where Me = Fe
and 0 < x < 0.4 a promising cathode material is developed for Li—ion batteries;

2. Conditions for obtaining phase-pure nanostructured samples of cubic spinel based on
initial LiCOs, Mn203, Ni2Os and Fe20s reagents are optimized;

3. Solid phase methods of synthesis are used:

a) High temperature (700°C) method with double mixing of the starting reagents during

heat treatment;
b) High temperature (700°C) continuous method; and
) Melting—saturation method (T: = 180°C and 71 = 2.5 h; T2 = 700°C and 12 =5 h);
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As a result of X-ray phase and structural, as well as other analysis, it is established that
phase-pure samples of the composition LiFeo3Nio2Mn150s obtained by the continuous
processing method at 700°C, as well as Method 1 correspond to phase-pure cubic spinel
(ASTM-736);

Cathode material LiFeo1Nio4MnisOs obtained by the Method 2 represents phase-pure
spinel as other phases are not observed;

Cathode materials based on Fe—Mn are economically attractive due to abundance of iron
and manganese in the nature; and

Cathode of lithium—ion batteries containing iron and nickel can become a cheap
alternative to commercial LiCoO2 and Li2MnOsa.
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Abstract

The formation of structures in systems of lanthanum sulphate and chloride in the
presence of silver nitrate was studied by XRD, TG-DTA and SEM/EDS methods. TG-DTA
analysis showed the formation of hexagonal structure La(OH)s and its transformation into an
unstable compound of monoclinic lanthanum (oxy)hydroxide in the temperature range 260 —
300°C, dehydroxilation of (oxy)hydroxide’s lattice at temperatures of 420 — 440°C. The
subsequent ordering of the lanthanum oxide structure and the destruction of the substances
included in the system took place at temperatures of 600 — 830°C and the removing of silver
clusters — at 920°C. It is shown that at T = 400 — 600°C the well-crystallized powders formation
of lanthanum oxide La:0s (space group P3ml corresponds to a trigonal system) takes place,
which includes elements of cubic phases La2Os (space group Ia3) and LaO (space group F) in its
structure. The presence of silver cations in the systems during the calcination process leads to
their reduction on the surface of lanthanum oxide clusters. Morphological study indicates the
heterogeneity of the powders and the distortion of the (hexagonal) shape of lanthanum oxide
crystals to spherical that is typical for lanthanum chloride systems. In addition to the main
elements (oxygen, lanthanum and silver if present in the system) the composition of the
powders contains the elements that make up the anions of the initial salts (sulphur, chlorine,
nitrogen), as well as the residual elements (sodium and potassium) of additional substances.

1. Introduction

Today, materials based on oxides and hydroxides of rare earth elements are widely used
for the production of functional materials for technical and biomedical purposes. In particular,
lanthanum oxide is used in the manufacture of optical glasses, phosphors, photocathodes,
catalysts, light-emitting and laser materials, and hydrogen storage materials [1]. Lanthanum is
introduced as an alloying additive in magnesium and aluminum alloys, it is used as a structure-
forming agent [2]. Due to its catalytic properties, lanthanum oxide is used for the flameless
methane combustion [3], in the process of graphite oxidation [4], for oxidative coupling of
methane [5]. Also, lanthanum oxide is used to produce magnetic and electrical materials,
automobile exhaust-gas convectors, ceramic superconductors, as indicated in the work [6].
Lanthanum hydroxide can serve as a catalyzer and sorbent. The loading ultralow amount of Pd
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into lanthanum hydroxide structure enhances the catalytic activity for heterogeneous catalytic
applications, namely, hydrogenation and cross-coupling reactions [7].

At the same time, silver-doped lanthanum oxide showed not only anti-oxidant activity,
but also helped prevent agglomeration of silver particles. Ag-La>0O3 composites exhibited certain
scavenging ability against the hydroxyl radical and demonstrate an excellent antibacterial
ability against the gram-positive S. aureus and gram-negative E. co/l in vitro. In this connection,
these composites are considered as a promising material for the production of an anti-oxidative
and antibacterial agent in medical and food [8]. Preliminary studies have shown that silver-
modified lanthanum oxide particles formed via chemical synthesis exhibit bactericidal activity
and are considered as a potential material for creating antiviral protection agents [9 — 11].

It should be noted that when creating high-quality materials with adjustable properties,
including those based on rare earths, an important issue is to study the phase transformations of
their compounds under the influence of temperature, as indicated in [12]. In general, a number
of works are devoted to the study of the processes of thermal conversion of lanthanum
hydroxide and oxide [13, 14]. And, despite the fact that today the two-step mechanism of phase
transformations La(OH)s — LaOOH + H20 and LaOOH — La20s + H20 has been studied and
proven by [15], the temperature of phase transformations, the composition and morphology of
the obtained structures can be influenced by many factors, for example, the composition of the
starting salts, auxiliary reagents, doping components. In particular, [16] shows that KOH and
NaOH have different influences on crystallinity, morphology and thermal behavior of the
obtained La(OH)s powders. Thus, despite the extensive study of the phase formation process in
pure systems hydroxide-oxyhydroxide—lanthanum oxide, the introduction of dopants into the
system can have a significant effect on the temperature of phase transformations, morphology
and composition of the final reaction products.

In this connection, the purpose of this work is the comparative study of the phase
composition, thermal behavior and morphology of the nanosized structures formed in pure and
silver-bearing lanthanum chloride and lanthanum sulphate systems by the precipitation and
calcination processes.

2. Research objects and methods

Particle’ synthesis was performed via precipitation of LaCls and La2(SOs)3 chemically
pure salt solutions in low alkaline medium in pure and Ag-containing systems. Hydrolysis
regulator, nucleating and reducing agents were used as the adding substances to perform
synthesis procedure. The concentration of AgNO:s in the initial solutions was set based on 2, 4
and 5wt.% Ag in the nanoparticle’s composition. The precipitates were rinsed by water and
ethanol-water solutions several times and dried at T = 160°C. Wet precipitates were calcined at
T =400°Cin 5 h, at T = 600 and 1000°C for 2 h.

The samples were visualized by scanning electron microscopy (SEM) method. Electron
micrographs of the samples were recorded on a MIRA3 TESCAN scanning electron microscope.
Determination of the phase composition of the obtained samples was performed by the method
of powder X-ray diffraction phase analysis using DRON-3 device with radiation of the copper
anode (Cu Ky). The scanning step was 0.05 —0.10°, exposure — 4 s, range of 20 angles — from 15
to 90°. Samples were taken at standard temperature. The International Powder Standards
Committee (JSPDS International Centre for Diffraction Data 1999) database was used to
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determine the phase composition. Calculation of the lattice parameters was performed
according to standard methods. A simultaneous study of thermogravimetric and differential
thermal properties (TG-DTA) of the composite particles were performed in the static air
atmosphere by a derivatograph Q-1500D (Hungary). The parameters of the pattern recording
were: the samples 200 mg were heated at the rate 10°C/min from 20 to 1000°C; the sensitivity
was 20 mg; TG — 500, DTG - 500, and DTA — 250. The samples were placed into a corundum
crucible and covered by a quartz beaker to create a homogenous temperature field.

3. Result and discussion
3.1. X-ray diffraction study

The main structure obtained in La2(SOs)s—AgNOs system is lanthanum hydroxide
La(OH)3 (#36-1481) but the next lyophilization of the precipitate at T = 160°C promotes the
beginning of dehydroxilation process and lead to phase transformation of La(OH)3 into
lanthanum oxides. Also, crystal lattice’s reflexes of cubic body-centered Ia3 (#22-0369) La:0s
and face-centered F (#33-0716) LaO are seen in the XRD pattern (Figure 1a). At the same time,
weak reflexes of silver and residual peaks of AgNOs salt (#8-0349) can be traced in the XRD
pattern. The formation of trigonal P3m1 (#05-0602) La:03 oxide is not excluded. Calcining the
precipitate leads to an increase in the degree of crystallinity of the sample (Figure 1b).

It is significant that the precipitate heating obtained in a system of pure lanthanum
sulphate at T = 400°C for 5 h does not lead to the formation of a well-crystallized precipitate of
lanthanum oxide (Figure 2b). Only weak reflexes of La20s (#05-0602) and body-centered La203
(#22-0369) lanthanum oxides are seen in the XRD pattern. A powder of lanthanum hydroxide
and oxide (P3m1) with a reduced silver cluster is formed, when 2wt.% Ag is injected into the
system and the precipitate is heated at 400°C during 5 h (Figure 1c). The increase in the silver
concentration to 4wt.% and the treatment the precipitate under the same condition leads to
increase the crystallinity degree of the precipitate. Two main phases: trigonal La20s (#05-0602)
and cubic Ag® (#4-0783) are present in the powder. Probably, silver clusters are reduced on the
lanthanum oxide surface. In addition, the structural elements of face-centered LaO (#33-0716)
are detected in small reflexes in the XRD pattern.

The hydroxylamine hydrochloric acid solution injection as a reducing agent into the
system does not change the XRD pattern result. Crystal structures of trigonal La20Os, face-
centered LaO and cubic Ag® are clearly seen in the XRD pattern (Figure 1c). It is significant that,
in the absence of silver nitrate, in the precipitate calcined at 400°C, the intensity of reflections is
insignificant (Figure 1d). It’s phase composition includes trigonal La:0s (#05-0602) and body-
centered La:0s3 (#22-0369) formations. The following heating of the sample of pure La:(SO4)3
system at 1000°C results in the formation only trigonal La20s (#05-0602) particles (Figure 1le),
whereas trigonal La:0s3 (#05-0602) and weak (residual) Ag® (#4-0783) clusters are formed in
La2(SO4)3—AgNOs system at the same heating temperature (Figure 1f).

The analysis the precipitates formed in pure LaCls and Ag-bearing LaCls—AgNOs systems
and calcined at 600°C indicates the complicated three phases formation in the powder trigonal
La:0Os (#05-0602), cubic body-centered Ia3 La:0s (#22-0369) and face-centered F LaO (#33-
0716) (Figure 1g). In the presence of reducing agent the phase composition of the powder does
not change. But when AgNOs was added in the initial precipitate the reflexes of silver phase Ag’
(#4-0783) are appeared in the XRD pattern (Figure 1h).

https://doi.org/10.52340/ns.2022.19 169



Structure, morphology and thermal behavior of silver-doped nanoparticles formed in ... systems.

(@

(b)

(c)

(d)

(e)

()

(8)

(b)

170

Intensity, rel.un.

Intensity, rel.un.

Intensity, rel.un.

Intensity, rel.un. Intensity, rel.un.

Intensity, rel.un.

Intensity, rel.un.

Intensity, rel.un.

600

500 %é s
400 O) €
(o]
zzz g Sz Laz(SO4)3-AgNOs
100 O o 4wt.%, 160°C

25 30 35 40 45 50 55 60 65 70 75 8 8 90 95

Lax(SO4)3
400°C,5h

20 25 30 35 40 45 50 55 60 65 70 75 80 8 90
Degree, 20

Lax(SO4)s—AgNOs
2wt.%, 400°C, 5 h

25 30 35 40 45 50 55 60 65 70 75 8 8 90 95

Degree, 20
1600
1200
800 Laz(SO4)3-AgNOs
2 o2 4wt%,400°C,5h
200 e
i SR V)
25 30 35 40 45 50 55 60 65 70 75 80 8 90 95
Degree, 20
1600
1400
1200
1000 Lax(SO4)3
800
600 1000°C, 2 h
200
25 30 35 40 45 50 55 60 65 70 75 8 8 90 95
Degree, 20
1400
1200
1000
800 LHZ(SO4)3—AgNOS
600
400 s 4Wt.%, 1000°C,2h
I
2(())0 j
25 30 35 40 45 50 55 60 65 70 75 8 8 90 95
Degree, 20
900
700 R g o
~ 8 =&
500 g iv' 2% E;!; = LaCl3
] fE Sef 822 _ s a5 _ °
o 239 s8uGesz 832 § g 600°C, 2 h
100 79, oomRje el B g
%725 0 35 40 45 S0 55 60 65 7o 75 s0 85 90 95
Degree, 20
§§ O -1
1000 5 "z Eig
g =S n
f + LaCl>-AgNOs
4wt.%, 600°C, 2 h

25 30 35 40 45 50 55 60 65 70 75 80 8 90 95
Degree, 20
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The calculation of the crystal lattice parameter of body-centered Ia3 La203 (#22-0369)
by three planes (222), (400) and (431) shows its invariability for both systems: a = 11.096 nm for
Lax(SO4)s and a = 11.322 nm for LaCls. This situation is typical for the LaO F phase, where
calculation of parameter for (111), (220) and (311) planes show a = 5.147 nm for La2(SO4)3 and
a=5.082 nm for LaCls. Based on the obtained result, it can be assumed that these oxides are
structural elements of trigonal lanthanum oxide, and not separate phases. At the same time, the
calculation of the parameters of the crystal lattice of trigonal (hexagonal) lanthanum oxide
La:03 (#05-0602) showed their significant difference from the values declared in the JSPDS
International Center for Diffraction Data 1999 (a = 3.937 and ¢ = 6.129 nm), which may indicate
a distortion of the crystal lattice of this structure.

3.2. Thermal-gravimetric analysis (TG-DTA)

Thermal gravimetric analysis of the powder obtained in the pure LaCls system shows the
first endothermic peak at T = 270°C and shoulder at T = 300°C in the DTA curve accompanied
with weight loss at T = 200°C (DTG curve) that may be related to the formation of intermediate
phase LaCl(OH): and La(OH)s phase transformation into LaO(OH). The second effect of weight
loss in DTG curve points to the dehydroxilation of lanthanum oxy(hydroxide) lattice and the
formation of lanthanum oxide phases (endothermic peak at 390°C). The next shoulder in DTA
curve at the temperature 710 — 735°C may be related to transformation of the crystal lattice of
lanthanum oxides (Ia3 into P3m1) and oxidation of chlorides. Mass loss effect is described by
DTG in the temperature range 750 — 860°C. Last small effect of mass loss in the DTG curve is
detected at T = 950°C may be due to remove chloride. The total mass lost of the sample is 17.8%.
In the presence of Ag (Figure 2b) the first effect of mass loss is not appeared but the second one
belongs to corresponding endothermic reflexes at temperatures 260 and 440°C indicated the
phase transformation of La(OH)s3 into LaO(OH) and dehydroxilation of LaO(OH). The mass loss
effect at 640°C may be corresponded to AgNOs destruction, whereas the mass loss effect at T =
710 — 830°C relates to chloride oxidation. The total mass loss equals 15.8%.

The analysis of thermal behavior of pure lanthanum sulphate system indicated deep
reflex of mass loss at T = 360°C and endothermic peak at T = 370°C corresponded to sulphate
destruction. The processes of phase transformation lanthanum hydroxide into lanthanum
oxyhydroxide and lanthanum oxyhydroxide destruction carried out at T = 230 and 420°C
correspondingly. The next reflexes seen at T = 600 — 610°C can indicate the formation of
lanthanum oxide phase. The total mass loss is 13.7%. Two endothermic reflexes on the DTA
curve of the powder obtained in Lax(SO4)3—AgNOs system (Figure 2d) indicates the formation of
LaO(OH) phase from La(OH)s, dehydroxilation of its crystal lattice at a temperature of ~300°C
and probable destruction of sulphates at a temperature of ~340°C. The phase interaction of
lanthanum oxide with silver ends at the T ~ 400°C. The endothermic peak at T = 900°C can be
attributed to the change in the crystalline modification of lanthanum oxide as well as melting
silver. The DTG curve shows a two-stage weight loss, which characterizes the destruction of
lanthanum and silver hydroxides (250°C) and the removal of sulphates (~340°C), respectively.
Destruction of nitrate is observed at T = 380°C. According to the TG, the total weight loss is
21.6%. The preliminary preparation the samples were subjected to heat treatment at T = 160°C,
hence, there is no reflex on the DTG curve, which characterizes the loss of adsorption-bound
water.
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Figure 2. TG-DTA curves of resuspendable precipitates
formed in lanthanum-containing systems: (a) LaCls,
(b) LaCl3—AgNOs, (c) La2(SOs4)3 and (d) Laz(SO4)3—AgNOs.

3.3. SEM-EDS analysis

The visualization of the samples was performed using scanning electron microscopy. The
SEM images of the sediments and calcined powders are present in Figure 3. Analysis of the
La>(SO4)s system unambiguously indicates that at a relatively low calcination temperature of the
samples, the powders are characterized by a heterogeneous composition and imperfect structure
(Figure 3a). The degree of crystallinity and homogeneity of the powder increases in the
presence of silver (Figures 3b — 3e). As the silver concentration increases, silver clusters appear
on the surface of lanthanum oxide crystals (Figure 3e). Crystals of lanthanum oxide formed in
the lanthanum chloride system are distinguished by smoothed edges and a shape tending to
spherical (Figures 3f —3k). Moreover, the structures of the chloride system are more
homogeneous in comparison with the structures of the sulfate system.

EDS spectra are present in Table 1. The obtained data indicate that the samples are partly
homogeneous in chemical composition. Carrying out the synthesis procedure without
introducing additional substances promotes the structures’ formation with containing the main
elements: oxygen, lanthanum and, accordingly, silver when it is introduced into the initial
suspension.

As additional elements included in inorganic salt anions are identified sulphur or
chlorine, as well as potassium and sodium, which act as a precipitant and nucleating agents. In
this case, the use of a reducing agent (hydroxylamine hydrochloric acid) leads to an increase in
the number of elements that are included in the powder, and influences its quality for
subsequent usage (e.g., in biomedicine) consequently.
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Figure 3. SEM images of powders formed in La>(SO4)3 systems
(400°C, 5 h): (a) La2(SOs4)s, (b) Laz(SO4)3&Ag(2wt.%), (c) Laz(SO4)s&Ag
(4wt.%) and (d) La2(SO4)3&Ag(4wt.%) under reductive conditions and (e)
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(600°C, 2 h): (f) LaCls, (g) LaCls under reductive conditions, (h) LaCls&Ag
(4wt.%) and (k) LaCls&Ag(4wt.%) under reductive conditions.
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Table 1. EDS distribution of chemical
elements (wt.%) in nanopowder compositions
formed in La2(SO4)s and LaCls systems.

Element, wt.%

Spectrum g g K Na Ag la N Total
La2(SO4)s (400°C, 5 h)
1 25.71 - - - 2571 - 6295 25.71 100
2 31.38 - - - 3138 - 5541 31.38 100
Laz(SO4)3&Ag(4wt.%) (400°C, 5 h)
3 40.14 1209 - 035 - 025 47.17 - 100
4 39.31 1457 - 047 - 1.05 4460 - 100
5 3562 1181 - 062 - 126 5070 - 100
La2(SO4)3&Ag(4wt.%) (400°C, 5 h, reductive conditions)
6 15.67 080 1463 1.03 - 156 6631 - 100
7 1822 1.01 1446 084 - 194 6353 - 100
8 16.74 217 1127 1.04 - 168 67.10 - 100
LaCls (600°C, 2 h)
9 7.25 - 21.09 - - - 7166 - 100
10 7.73 - 2130 - - - 7097 - 100
11 7.52 - 2036 - - - 7213 - 100
LaCls (600°C, 2 h, reductive conditions)
12 5.82 - 1768 0.77 - - 7572 - 100
13 5.90 - 17.06 - - - 77.05 - 100
LaCls&Ag (600°C, 2 h)
14 4.70 - 2306 - - 250 69.74 - 100
15 6.22 - 1995 - - 370 70.13 - 100
LaCls&Ag (600°C, 2 h, reductive conditions)
16 15.67 080 1463 1.03 - 156 6631 - 100
17 1822 1.01 1446 084 - 194 6353 - 100
18 16.74 217 1127 1.04 - 168 67.10 - 100

Thus, our studies have shown the effect of the anionic composition (sulfate and chloride)
of the initial lanthanum-containing solution and the temperature of subsequent treatment of
the precipitate on the phase composition, temperature of phase transformations, and
morphology of lanthanum oxide powders.

In general, the introduction of silver nitrate into the system promotes an increase in the
degree of crystallinity of the precipitate and the formation of lanthanum oxide particles with
silver clusters reduced on its surface.

It was shown by XRD that weakly crystallized particles of lanthanum hydroxide are
formed upon lyophilization of the suspension at T = 160°C. Further temperature treatment of
the precipitate leads to dehydroxylation of the hydroxide and its transformation into the oxide
phase.
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4. Conclusion

The study of the phase formation process in pure systems and doped (2 — 5wt.%) with
silver systems of lanthanum chloride and lanthanum sulphate showed an increase in the degree
of crystallinity of the samples obtained in the presence of silver. While the precipitate of the
pure lanthanum sulphate system after calcination at 400°C for 5 h is characterized by weak
crystallinity, the injection of 4wt.% silver leads to the formation of well-crystallized lanthanum
oxide (space group P3ml, trigonal system), including the structural elements of the cubic phases
La:Os (Ia3) and LaO (F), that distorts the lanthanum oxide crystal lattice and is reflected in the
morphology of particles. Under these conditions, silver is reduced on the La20s surface in the
form of metal clusters. The reducing agent adding to the systems does not change the phase
composition of the samples, while an increase in the calcination temperature to 1000°C leads to
the silver clusters melting.

The composite structure formation based on lanthanum oxide doped with silver was
recorded at T = 400 - 600°C after calcining the precipitate for 2 -5 h. Thermogravimetric
analysis showed that the temperature of the phase transformation in the series lanthanum
hydroxide—oxyhydroxide—oxide varies depending on the anionic composition of the initial
lanthanum salt and the presence or absence of silver: it equals 260 —300°C for La(OH)s—
LaO(OH), 420 —440°C for dehydroxilation of (oxy)hydroxide’s lattice, and 600 —830°C for
ordering of the lanthanum oxide structure. The morphological study of the powders showed a
distortion of the crystal lattice of lanthanum oxide and the amorphization of some of its crystal
faces. The lanthanum chloride system is distinguished by smoothing the edges and approaching
the particle shape to spherical. SEM-EDS analysis shows the additive elements presence (in
addition to the basic elements La, O and Ag, when it was introduced into the system) included
in the anionic species and which were used as nucleating agents and reducing agents.
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Abstract

Raman spectroscopic studies were performed to identify the nature of the carbon-
containing phases in nano-(ZrC,ZrO2)/C composites. The nano-ZrO/C composites were
prepared in a tube furnace by heat-treatment of zirconium-loaded sulfonated styrene-
divinylbenzene resins between 1000 and 1400 °C. The plasma processing of a nano-ZrO2/C
sample in inert or reducing atmosphere resulted in nano-(ZrC,ZrO2)/C composites. The Raman
spectra of the nano-ZrO»/C samples show that the ratio of the amorphous carbon / graphitic
components decreases, whereas the fraction of distorted graphite structures increases with
increasing reaction temperature and time. This can be attributed to the formation of new
graphene edges by the condensation of the polyene content in the amorphous carbon. The ratio
of the amorphous carbon practically does not change if the plasma treatment was performed
under inert (Ar+He) atmosphere. In contrast, under reducing (Ar+H2) atmosphere, the
amorphous carbon almost completely crystallizes into graphite. The ratio of the defective /
regular graphite structures and the change of the thickness or separation of the graphene
(monolayer carbon) sheets are higher under inert than reducing plasma conditions. We found
no catalytic effect of ZrC on the graphite crystallization under inert plasma conditions, but in
the presence of H2, ZrC may catalyze the graphitization process.
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1. Introduction

Zirconium carbide—carbon (ZrC/C) composites belong to the important strategic
materials in emitters and coatings developed for nuclear reactor fuels due to their extremely
high melting point, mechanical strength, small neutron absorption cross-section, high sorption
capacity, and (radiolytic) stability towards radioactive isotopes [1 —4].

The main routes to synthesize ZrC/C composites are solid-state reactions of elementary
carbon and Zr or Zr-compounds like ZrH: or ZrO: [5, 6], or the reactions of zirconium or its
compounds like Zr-acetate or oxychloride with organic carbon sources such as methyl halides
[7-10]. In another method, Zr-loaded polymers, especially ion exchangers are carbonized
under various conditions including plasma-assisted heat treatments [3, 4, 11 —13]. It results
(ZrC,ZrO2)/C composites with adjustable ZrC content and various forms of carbon phases. The
zirconium carbide in such composites generally contains some carbon vacancies [6]. However,
the reaction of carbon-deficient ZrCx structures with the free carbon-content of the ZrC/C
composites results in the formation of non-stoichiometric Zri~C (carbon-rich) materials which
increase their sinterability [14].

In this paper we studied the nano-(ZrC,ZrO2)/C composites and their nano-ZrO>/C
precursors prepared from sulfonated styrene-divinylbenzene copolymers [11] by Raman
spectroscopy to reveal the properties of the carbon phases in the composites.

The samples prepared in a tube-furnace were labeled as X-DVB-Zr-T-t, where X, T and t
stand for the DVB content in the initial sample, the pyrolysis temperature (1000, 1200 and
1400 °C) and the reaction time (2 or 8 h), respectively.

In addition, 8-DVB-Zr-1000-2 sample was subjected to plasma processing under inert
(Ar+He) or reducing (Ar+H2) conditions. The samples were labeled as 8-DVB-Zr-He and 8-
DVB-Zr-Hy, respectively.

2. Experimental
2.1. Preparation of samples

Varion KS samples and zirconyl chloride were supplied by Deuton-X Ltd (Erd,
Hungary). Preparation of zirconium-loaded sulfonated Varion KS-2 and KS-8 resin is described
in [11] using zirconyl chloride octahydrate (0.5 mass % Zr, in 3 M HCI). These resin samples
were ground in a planetary ball mill (225 rpm, 30 min), and pyrolyzed in an alumina tubular
furnace under Ar atmosphere at 1000, 1200 and 1400 °C for 2 or 8 h in each case. The ZrO@C
sample prepared by pyrolysis at 1000 °C for 2 h was subjected to a further in-flight thermal
plasma treatment in an inert (He) or a reducing (H2) atmosphere. Detailed descriptions of the
plasma processing are available in [11, 15, 16].

A Horiba Jobin—Yvon LabRAM-type micro-spectrometer was used with an external laser
source of 532 nm Nd-YAG for Raman spectroscopy. The laser beam was focused on an objective
of 20X (numerical aperture = 0.4). A confocal hole of 1000 pm was used in the confocal system,
and a grating monochromator of 1800 mm™ was used for light dispersion. The detected
wavenumber was scanned with 3 cm™ of resolution, 60 s of accumulation timeper point, in a
spectral range of 200 — 3400 cm™.
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3. Results and discussions
3.1. Preparation and properties of Zr-loaded ion-exchangers (2-DVB-Zr and 8-DVB-Zr)

Two styrene-divinylbenzene copolymer-based sulfonated ion-exchangers with 2 and
8 wt. % divinylbenzene content and 1.69 and 1.63 average sulphonation degree/ring were
loaded with zirconyl chloride (ZrOCl2-8H20) in a 3 M HCI solution as detailed in [11]. The
maximum Zr-loading was not higher than ca. 80 % because mainly the p-position sulfonic
acid groups are capable of fixing zirconium, whereas the sterically unfavorable o-position
sulfonic acid groups cannot bind the zirconyl ions [11].

3.2. Thermal decomposition of Zr-loaded Varion KS ion-exchangers

The styrene-DVB copolymers decompose on heating with the formation of solid
carbonaceous materials and liquid / gaseous hydrocarbons [17, 18]. The proportion of the solid /
liquid / gaseous decomposition products and the hardness of the solid residue strongly depend
on the DVB content, sulfonation degree and the metal content of the modified resin [18 — 20].
Metal loading of the sulfonated ion exchangers results in a higher production yield of the solid
fraction. Additionally, the sulfonate groups are converted into SO2 or metal sulfides, if the
metals are sulfidofilic [19, 21]. Due to Zr-O bonds in the starting Zr-loaded ion-exchangers,
stable nanosized ZrO: polymorphs (tetragonal, monoclinic and cubic) containing carbon
composites were formed [11]. XRD analysis revealed the formation of graphitic and amorphous
carbon, too, the amount of which depends on the reaction conditions [11] (Table 1). RF thermal
plasma treatment of the 8-DVB-Zr02-1000-2 sample was performed under inert (Ar + He) and
reducing atmospheres (Ar+H?).

Table 1. Carbon composition of nano-Zr0O2/C
and nano-(Zr02,ZrC)/C composites from XRD.

Carbon content Graphite /
(XRD), wt. % P
Sample amorphous
.. | Amorphous .
Graphite carbon ratio
carbon
2-DVB-Zr-1000-2 ~50 ~15 ~3.3
2-DVB-Zr-1200-2 | ~45 ~30 ~15
2-DVB-Zr-1400-2 | ~40 ~ 45 ~0.9
2-DVB-Zr-1400-8 | ~20 ~ 60 ~0.3
8-DVB-Zr-1000-2 | ~30 ~ 60 ~0.5
8-DVB-Zr-1200-2 | ~25 ~ 65 ~0.3
8-DVB-Zr-1400-2 | ~30 ~ 65 <05
8-DVB-Zr-1400-8 | ~20 ~75 <0.4
8-DVB-Zr-He ~55 - -
8-DVB-Zr-H» ~55 - -
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With increasing temperature during pyrolysis, the graphite content showed decreasing
tendency for the 2 % DVB containing samples. In contrast, little changes without any definite
trend could be found in the case of samples with 8 % DVB content. The decreased graphite
content is unexpected because the higher temperature and prolonged time should promote
crystallization and graphitization.

These results most probably can be attributed to the inaccurateness of the XRD method
for comparing the proportion of crystalline and amorphous carbonaceous phases. Therefore, to
characterize the amorphous / graphitic carbon phases in these samples, we performed detailed
Raman studies with deconvolution of the Raman band structures.

3.3. Raman studies on nano-ZrQO2/C and nano-(ZrO2,ZrC)/C samples

Due to the amorphous carbon content and defects in graphite, powder XRD analysis is
not suitable for the reliable characterization of the carbon matrix in the prepared nano-ZrO2/C
and nano-(ZrO2,ZrC)/C samples. In contrast, Raman spectroscopy is sensitive not only to
changes in the crystalline but also in the molecular structures (long-range order). Hence, the
Raman spectra of graphite or graphite-like materials resulting from lattice vibrations are
sensitive to the presence and degree of structural disorders. This allows determining the degree
of graphitization by Raman spectroscopy [22 — 27].

Highly ordered monocrystalline graphite has two first-order Raman bands (G) and G1
(2D) at around 1580 and 2687 cm™! (E2; symmetry, degenerated optical mode at the center of
Brillouin zone, and harmonic in-plane transverse optical mode close to the zone boundary K
point, respectively [28 — 30], ideal graphite lattice).

The disordered graphitic lattice has a band D1 (D) around and D2 (D') at around 1350
and 1620 cm™!, respectively (Aig and Ez; symmetry, phonon of the in-plane longitudinal optical
branch close to the zone center, and the in-plane acoustic branch close to the K point, or
graphene layer edges and surfaces, respectively) [31 — 34].

D3 (D" or A) band characterize the amorphous carbon at ca. 1500 cm™, whereas D4 (I)
band at ca. 1200 cm™ contains the disordered graphite lattice (Aig) or polyenes and ionic
impurities induced modes [22, 25, 35, 36]. The second-order Raman spectra of carbonaceous
materials contain weak D+D" combination and 2D' harmonic overtone bands [37 — 39].

The Raman spectra of nano-ZrO2/C samples made from 2 % DVB containing Zr-loaded
Varion KS by heat treatment at 1000 (a) and 1200 °C (b) for 2 h and at 1400 °C for 2 h (c) and
8 h (d), respectively, are illustrated in Figure 1.

The positions and assignation of the Raman shifts after deconvolution are summarized in
Table 2. Both the peak intensity of D" bands (amorphous carbon) and the intensity ratio of
D"/(D+D'+G) peaks (amorphous / all graphitic component) gradually decrease with increasing
the reaction temperature and time, which suggests advancing graphitization.

The intensity ratio of D/G bands slightly increases with increasing heating temperature,
while the increase is more pronounced with prolonged time indicating the increased fraction of
the distorted graphite. The D4 peak intensities decrease, whereas the D1 peak intensities
increase (new graphene edges) with increasing the reaction time and temperature, which can be
attributed to the formation of new graphene edges by condensation of polyenes in the
amorphous carbon.
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Figure 1. Raman spectra of nano-ZrO>/C samples made from 2 % DVB
containing Zr-loaded Varion KS by heat treatment at 1000 (a) and
1200 °C (b) for 2 h and at 1400 °C for 2 (c) and 8 h (d), respectively.
Table 2. Raman bands of nano-ZrO>/C samples made from
2 % DVB containing Zr-loaded Varion KS by heat treatment
at 1000 and 1200 °C for 2 h and at 1400 °C for 2 and 8 h.
Raman shifts Raman shift
Samol in cm™ / intensities intensity ratios
ampile
oo b o[ DD ek b
+ G | bo/k | Ib/Iposc
(D4) | (D1) | (D3) (D2) | (G1)

2-DVB- | 1247 | 1347 | 1503 | 1571 | 1605 | 2645 | 2902
Zr-1000-2 | (0.20) | (0.95) | (0.27) | (0.52) | (0.60) | (0.13) | (0.15)
2-DVB- | 1260 | 1346 | 1496 | 1565 | 1600 | 2634 | 2906
Zr-1200-2 | (0.20) | (0.90) | (0.25) | (0.48) | (0.67) | (0.11) | (0.10)
2-DVB- | 1171 | 1339 | 1530 | 1580 A 1606 & 2658 | 2913
Zr-1400-2 | (0.04) | (1.32) | (0.22) | (0.69) | (0.48) | (0.16) | (0.09)
2-DVB- | 1175 | 1331 | 1484 | 1573 | 1602 | 2635 | 2913
Zr-1400-8 | (0.08) | (1.56) | (0.18) | (0.66) | (0.60) | (0.28) | (0.11)

1.81 | 0.24 0.13

1.88 | 0.23 0.12

191 | 0.24 0.09

238 | 0.43 0.06
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Figure 2. Raman spectra of nano-ZrO>/C samples made from 8 % DVB
containing Zr-loaded Varion KS by heat treatment at 1000 (a) and
1200 °C (b) for 2 h and at 1400 °C for 2 (c) and 8 h (d), respectively.
Table 3. Raman bands of nano-ZrO2/C samples made from
8 % DVB containing Zr-loaded Varion KS by heat treatment
at 1000 and 1200 °C for 2 h and at 1400 °C for 2 and 8 h.
Raman shifts Raman shift
in cm™ / intensities intensity ratios
Sample "n T p | b D' | 2D
(D4)  (D1) | (D3) G D2)  (G1) D+D' | b/k | bo/k | I /Ipivsc
8-DVB- | 1260 | 1347 | 1491 | 1563 | 1599 | 2623 | 2903 194 | 0921 0.12
Zr-1000-2 | (0.22) | (0.88) | (0.25) | (0.45) | (0.70) | (0.10) | (0.09) | ) )
8-DVB- | 1220 | 1339 | 1509 | 1574 | 1603 | 2642 | 2902 193 | 0.20 0.10
Zr-1200-2 | (0.09) | (1.09) | (0.23) | (0.57) | (0.60) | (0.11) | (0.10) | ' '
8-DVB- | 1200 | 1341 | 1516 | 1578 | 1606 | 2652 | 2917 181 023 0.09
Zr-1400-2 | (0.07) | (1.11) | (0.22)  (0.61) | (0.55) | (0.14) | (0.08)
8-DVB- | 1204 | 1335 @ 1495 | 1581 | 1609 | 2638 | 2922 937 | 0.41 0.07
Zr-1400-8 | (0.06) ' (1.63) ' (0.19)  (0.69) | (0.55) | (0.28) | (0.13)
182 https://doi.org/10.52340/ns.2022.07



A. Martiz, et al. Nano Studies, 2021-2022, 21/22, 177-186.

The Raman spectra of nano-ZrQO2/C samples made from 8 % DVB containing Zr-loaded
Varion KS by heat treatment at 1000 (a) and 1200 °C (b) for 2 h and at 1400 °C for 2 (c) and 8 h
(d), respectively, are shown in Figure 2. Peak positions and their assignation are summarized in
Table 3. The general tendencies are practically similar to the samples made from 2 % DVB
containing Zr-loaded ion exchangers. The intensity ratio of D"/(D+D'+G) (amorphous /all
graphitic component) gradually decreases with increasing the reaction temperature and time
according to the progress of graphitization. On the other hand, the intensity ratio of D/G bands
is hardly affected by the heating temperature, however increases with prolonged reaction time.
Similar to 2 % DVB containing samples, the D4 peak intensities decrease here, too. The D1 peak
also rises with increasing reaction time and temperature, which shows the formation of new
graphene edges. These above results show that the powder XRD analysis is inadequate to
determine the ratio of amorphous carbon / graphite components in the nano-Zr(O:/C
composites. Raman spectroscopy, however, is suitable to follow even the quantitative changes
among the different carbonaceous materials like amorphous carbon, graphite and distorted
graphite structures.

Furthermore, the 2D Raman band intensity reflects the ABAB stacking and the crystal
sizes [39]. The Av/ L ratio relates to the thickness or separation of the graphene (monolayer
carbon) sheets. This parameter changed for both type of resin samples only when they were
subjected for a longer period (8 h) of heat treatment at 1400 °C. The increase in the amount of
distorted graphite structures may be attributed to the Zr intercalation effect onto the carbons
structures [40]. In contrast, the catalytic effect of ZrC on the graphitization process [40] can be
neglected because no ZrC formation could be detected from the ZrO: and amorphous carbon
/ graphite reactions [11] below 1400 °C. The formation of ZrC was detected only above
1500 °C in the ZrO>/C systems [40].
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Figure 3. Raman spectra of nano-ZrO/C samples made
from 8 % DVB containing Zr-loaded Varion KS by RF-
plasma treatment under H (a) and He (b) atmospheres.

In order to study the possible catalytic effect of the ZrC content on the graphitization
process, RF thermal plasma tests have been carried out in inert (Ar+He) and reducing (Ar+H>)
atmospheres. The relative amounts of the amorphous and graphitic carbon structures and
their state was investigated by Raman spectroscopy, too (see Figure 3 and Table 4).
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Table 4. Raman bands of nano-ZrO2/C samples made from
8 % DVB containing Zr-loaded Varion KS at 1000 °C, and
by RF-plasma treatment under H> and He atmospheres.

Raman shifts Raman shift
Sample in cm™ /intensities intensity ratios
oD D g P2 by bik | Eb/k | oo
(D4) | (D1) | (D3) (D2) | (G1)

8-DVB- | 1260 | 1347 | 1491 | 1563 & 1599 & 2623 | 2903
Zr-1000-2 | (0.22) | (0.88) | (0.25) | (0.45) | (0.70) | (0.10) | (0.09)
8-DVB- | 1156 | 1339 | 1480 | 1577 | 1611 | 2677 | 2924
Zr-1200-2 | (0.02) | (1.14) | (0.03) | (0.95) | (0.28) | (0.69) | (0.10)
8-DVB- | 1218 | 1345 @ 1477 @ 1580 | 1614 | 2685 | 2935
Zr-1400-2 | (0.08) | (0.72) | (0.22) | (0.89) | (0.18) | (0.54) | (0.07)

1.94 | 0.21 0.12

1.20 | 0.72 0.01

0.81 | 0.61 0.12

The ratio of the amorphous carbon practically did not change if the plasma treatment
was performed in inert (He enriched) atmosphere. In contrast, in reducing (H2 enriched)
atmosphere the amorphous fraction almost completely disappeared. The ratio of distorted /
regular graphite structures was also decreased on plasma treatment that can be attributed to the
building up of regular graphite structures. The change in the defective / regular graphite ratio is
greater under inert than reducing plasma conditions. Similar trend was found for the thickness
or separation of the graphene (monolayer carbon) sheets (£p/ & ratio). The relative amount of
surface graphene defects decreased in inert but increased in reducing atmosphere, whereas the
edge-type defects decreased in both samples, but to a greater extent in inert than in reducing
atmosphere. ZrC reportedly has a catalytic effect on the graphite crystallization [40], but the
ZrC content in the prepared composite samples resulted in significantly different conversion
ratio of the amorphous to graphite carbon content depending on the applied plasma conditions.
In inert atmosphere, practically not any amorphous carbon was transformed into graphite,
whereas under reducing atmosphere the transformation was almost complete. It shows that the
presence of ZrC may not be the sole factor responsible for the transformation of amorphous
carbon into graphite, but the presence of H: also has a significant contribution.

4. Conclusion

Raman spectra of graphitic and other carbons found in the nano-ZrO»/C and nano-
(Z1r02,Z2rC)/C composites was studied. The nanostructured composite was prepared by the
pyrolysis of modified resins under various conditions between 1000 and 1400 °C for 2 or 8 h.
Some of the pyrolized composites were also subjected to a subsequent plasma treatment in
reducing or inert atmosphere. The composite composed in part of carbonaceous material but the
powder XRD analysis did not give accurate results to determine the amorphous carbon to
graphite ratio in the product. Raman spectroscopy, however, proved to be a useful tool to gain
information on the ratio of amorphous carbon to graphite, the fraction of the defective graphite
structure and on the change of the thickness / separation of the graphene (monolayer carbon)
sheets. The effect of the plasma treatment greatly depended on the applied plasma conditions.
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The amorphous carbon content in the ZrO2/C sample was not changed under inert conditions
but almost completely disappeared under reducing (H2 containing) atmosphere. It shows that
the presence of ZrC alone is not enough to catalyze the transformation of amorphous carbon
into graphite. However the ZrC catalyzed graphitization can be promoted with Hz. The amount
of regular graphite structure is higher in the samples subjected to plasma treatment than in the
samples fabricated only in the tubular furnace not higher than 1400 °C.
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