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THE IMPROVEMENT ENVIRONMENTAL SAFETY OF NANOMATERIALS BY MEANS OF
ENVIRONMENTAL ASSESSMENT

The article presents the recommendations for environmental assessment of nanoproducts. There have been worked
outthe scheme of porous gallium arsenide lifecycle. The method of forming of porous layers of gallium arsenide has
been improved. There have been done the expertise of por-GaAs and structures on its base - gallium nitride. It was
found that porous gallium arsenide may be health hazardous. Porous gallium nitride is formed by the method of
electrochemical etching in the solutions of acids. Such methods of synthesis of nanostructures pose an ecological threat.
Understanding these threats will optimize the processes of formation and operation of nanomaterials for ecological

safety.
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Problem statement. Nanotechnologies have
become strategic industrial and scientific direction. In
many areas of science and technology, there is a great
interest in the products of nanotechnology, which is
associated with the real possibility of practical
implementation of their unique properties [1-4].

Nanotechnologies traditionally include designs, in
which materials and systems are used that meet three
criteria (see fig. 1). The penetration of products of
nanotechnologies into the environment can lead to many
consequences, which are currently impossible to predict
due to the lack of information. However, information
about the consequences of the uncontrolled emission of
nanoparticles in the environment remains quite scarce.

Exists the need to search for the ways to provide
ecological safety of nanotechnology products
throughout their life cycle for their further using.
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Figure 1 — Nanotechnology criteria

Analysis of the recent researches and
publications.  Widespread implementation  of
nanotechnologies in industry is predetermined by a
number of factors (see fig. 2). Nanoindustry develops
rapidly and, due to this, attraction of investment from
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government and businesses to this sector is growing
around the world.

Factors introduction of nanotechnology in industry
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Figure 2 — Factors introduction of nanotechnology in
industry

At the same time, more and more researchers
acknowledge that the use of nanomaterials may pose a
danger to human health and environment [5, 6].

Studies have shown that the quality of
nanomaterials, which make them popular, may pose a
potential ecological threat [7].

With this in mind, paper [8] proposes to conduct
analysis of nanotechnologies with regard to four
principles (see fig. 3).
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Figure 3 — Nanomaterials analysis principles
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In paper [9], authors demonstrate that standard
toxicological methods cannot be applied to determine
the hazards of nanomaterials: the properties of the latter
are caused not by concentration in the volume of
material, but rather by its quantodimensional properties.

Many scientists point to potential dangers of
nanotechnology products for the environment.
However, there is no unified approach to determining
the extent of danger of nanomaterials. Methods for
detecting this danger at different stages of synthesis and
the use of nanoindustry products have not been
determined up to now, nor have been explored the
problems of ecological safety of nanotechnology
application.

Statement of the problem and its solution.
Conducted studies were aimed at searching for the ways
of providing ecological safety for nanotechnology

products throughout their life cycle.

A comprehensive research into the risks of using
nanomaterials and controlling their impact on the
environment and the human body is a long-lasting and
scientifically complicated process. In addition, there are
no sufficient data on the toxicity of large quantities of
nanomaterials and labeling and passports have not been
developed for most of them. That is why we will focus
only on general types of nanoindustry influence on the
ecosystem and humans.

To do this, one must clearly understand that
nanomaterials may pose a danger not only in the course
of their usage, but at all stages of their life cycle, the
simplified schematic of which is shown in table 1.
A manufacturer must provide full information on the
nanomaterial according to the procedure shown in
table 2.

Table 1 — Schematic of life cycle of nanomaterials

Ne Stage Title Stage Characteristic
Stage 1 extraction and production of one should consider substances of which the nanoproduct is made
raw materials from
nanomaterials
Stage 2 production of nanomaterials is directly related to the methods of synthesis of nanomaterials
Stage 3 storage and packaging it is necessary to take into consideration specific features of materials
Stage 4 reclamation and wastes of testing and identifying the quality and suitability of nano— raw
nanomaterials materials for later use is carried out
Stage 5 usage of nanomaterilas research should be comprehensive, taking into account not only
physical and chemical characteristics of substances, but also behavior
of the whole product and its components during the operation period
Stage 6 production of nanomaterials it should be taken into consideration that nanomaterial exists as a
products component of the product, which is why its separation is impossible in
many cases. Then the reclamation of the entire product is necessary
Table 2 — Recommended procedure to control nanomaterials
1 Product name product name must correspond exactly to the one indicated on the label; form
2 Usage area technological purpose (raw material, intermediate product, purpose-oriented
product, etc.)
3 Information about manufacturer full official name, address, telephone, fax, e-mail address, site (if available)
4 Nanoparticles content in material mass or/and number of particles on conversion to mass/ volume unit of
composition product
5 Chemical composition by systematic or trivial nomenclature, formula, molecular weight
6 Average dimensions of particles specific surface on conversion to distribution of particles by dimensions
7 Content of cancerogens according to hygienic norms
8 Impurities composition, concentration
9 Solubility in water, lipid and different media
10 Methods of research provide the proof of existence of nanoparticles in the product or classification
as nanomaterial
11 Method of obtaining by dispersion, by condensation from gas phase, solubility methods, other
nanomaterials
12 Hazard class of product according to GOST (State Standard) 12.1.007-76
13 Possible technogenic risks if any
14 Toxicological and hygienic general toxical and irritation action, allergenity, cancerogenity, mutagenity
characteristics
15 Impact on environment migration to ecological objects, stability, biodegradability
16 Rules of handling and storage which exclude possibility of non-sanctioned influence of product and its
components
17 Reclamation procedure of safe neutralization, utilization and disposal of nanoindustry
products
18 Standardizing and legislative information on legislation in field of rules of safe production, circulation and
provision utilization

45



HaykoBo-texHiunmii :xypaan « TEXHOTEHHO-EKOJIOT'TYHA BE3ITEKA». 2017. Ne 1

Specific properties of nanomaterials may vary for
each individual case, even with the same chemical
formula and method of obtaining. In addition, most
indicators are defined not for all substances, and this
definition is often impossible because of the lack of
necessary equipment or even a method of definition.

As an experimental nanomaterial, we selected
porous gallium arsenide (por-GaAs), which was
obtained on the substrate of monocrystalline gallium
arsenide by the method of photoelectrochemical
etching.

Given the general scheme of nanomaterial life
cycle, it is expedient to compose LCA of por-GaAs
and of the product based on it (see fig. 4). We will
accept gallium nitride (GaN/por-GaAs).

6 stage
Reclamation and wastes
GaN/por-GaAs

S stage T
Usage of nanomaterials
GaN/por-GaAs

4 stage
Production of nanomaterial products:
GaN/por-GaAs

3 stage
Storage and packaging:
por-GaAs

2 stage

Production of nanomaterials:
por-GaAs

1 stage

Extraction and production of raw
material: bulk-GaAs

A

Figure 4 — Life cycle of porous gallium arsenide and
gallium nitride based on it

Stage 1 «Extraction and production of raw
material bulk-GaAs»

Porous gallium arsenide is made at the surface of
monocrystalline gallium arsenide (mono- GaAs or
bulk- GaAs). In its turn, monocrystalline gallium
arsenide is made by the Chokhralsky.

There are some data on cancerogenity of gallium
arsenide: according to the website of U.S. National
Library of Medicine, indium phosphide is classified
as a substance, probably cancerogenic to humans
(Group 2A) [10]. In view of the foregoing, the plates
of gallium arsenide should be accompanied by a
danger pictogram «Health hazard».

However, it should be taken into account that
gallium arsenide is usually presented in the form of
crystalline plates that are thermodynamically and
electrically stable in the air. So we can assume that
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the plates themselves do not pose a threat to life and
health.

Stage 2 «Production of nanomaterials por-GaAs»

For the experiment, we selected 10
monocrystalline plates of n-type gallium arsenide,
alloyed with sulfur. Porous surface was formed in
electrochemical cell with solution of hydrochloric
acid. Current density during the treatment was
selected in the range of 80—180 mA/cm? at etching
time of 5-10 min.

Given the fact that the solutions of acids are used for
the formation of porous layers, it can be argued that this
technology is not safe for human health. That is why
this experiment should be carried out with the use of
means of collective and individual protection. The used
electrolyte must be disposed of according to valid
legislation requirements.

As a result, a porous layer with tightly packed pores
was formed at the surface (see fig. 5). Porous structure
is a nanomaterial, consisting of deep cylindrical holes —
pores and walls between them — quantum wires.

10KV X2,500 10pm 0384 1041 SEI

Figure 5 — SEM image of por-GaAs (100): 10 % HClI,
j=120 mA/cm?, t=5m

By the results of scanning electronic microscopy, it
is possible to establish that dimensions of pores reach
80 nm on average. This indicates that this structure is
mezoporous. Dimensions of walls between the pores are
within (20-60) nm (see fig. 6).
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Figure 6 — Distribution of quantum wires by
dimensions: Q is the share of particles, %;
d — dimensions of particles, nm
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Porosity of the obtained layers varies from 30 to
80 %. Fluctuation of surface porosity is caused by
uneven concentration non-uniformity of distribution of
impurity in the volume of ingot, which occurs during
the crystal growth.

Chemical composition of porous samples was
assessed using the EDAX method (see fig. 7). Based on
results of these data, it may be concluded that the oxide
film was not formed at the surface of porous por-GaAs,
the existence of elements that make up the etcher was
not observed either.

The top layer may shear off even in the contact with
hands, forming a nanodispersed powder, which is a real
threat to human health — such nanoparticles easily get
into the respiratory tract and penetrate the skin.
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Figure 7 — Chemical composition of elements at the
surface of por- GaAs

Stage 3 «Storage and packaging of por-GaAs»

A specific feature of por-GaAs is its ability of
"ageing" in the open air. The surface of porous layers of
gallium arsenide under normal conditions of storage is
covered by the oxide layer. Chemical analysis of the
surface of porous GaAs revealed violations of
stoichiometry of the original crystal. Oxygen atoms
emerged at the surface of the sample (see tab. 3). It
indicates creation of proper oxides of GaAs.

Table 3 — Percentage content of elements at the surface
of porous n- GaAs, obtained with the help
of EDAX method

Spectrum Component
0) As Ga
Spectrum 1 17.48 22.10 60.42
Spectrum 2 5.76 22.36 71.88
Spectrum 3 13.80 22.10 64.10

Porous surface is characterized by high density of
surface states in the forbidden zone, which leads to
fixing of the Fermi level, the position of which at the
surface practically does not depend on the nature of
adsorbed atoms [11]. This circumstance negatively
affects the work of many micro— and optoelectronic
devices, preventing complete revealing high potential
abilities of these semiconductors. To eliminate
undesirable surface influence on the properties of

devices, the technique called "passivation" is actively
developing in technology, within which a variety of
methods of surface treatment, related to applying
coverings on it, are designed [12].

At chemical passivation, an oxide layer is removed
from the surface of semiconductor, instead of which a
thin crystalline film of chemically inert material is
formed. This film can perform the functions of a
superfine buffer layer and protect surface of the
semiconductor  from  contact with  aggressive
components of the environment [13].

The layers of porous GaAs were kept in the Na,S
solution for 20 min. During chalcogenide por-GaAs
passivation the oxide layer is removed, a thin crystalline
film of chemically and electrically inert material is
formed instead of it. These nanomaterials may be stored
under normal conditions in a special container, avoiding
contact with aggressive substances.

Stage 4 «Production of nanomaterial products
GaN/por-GaAs»

Thin films of gallium nitride on the substrate of
porous gallium arsenide were obtained by the method of
ray-radical epitaxy. The main difference of this method
from the traditional epitaxy is that one component
comes with gas phase (atomic nitrogen), and the other
(gallium) is obtained from the volume of the
crystal [14]. As atomic nitrogen, especially pure
ammonia is used, which passes through the high-
frequency discharge, resulting in atomic nitrogen, which
is a chemically active. A stream of atomic nitrogen gets
on the crystal of gallium arsenide. It results in the
process of conversion of surface layers. At the surface
of porous GaAs, thin GaN films emerge (see fig. 8). A
film of gallium nitride is formed with the violation of
stoichiometry toward gallium.
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Figure 8 — GaN film is formed at the surface of por-
GaAs by the method of radical-beam epitaxy

Gallium nitride may cause irritation of skin and
eyes, pain in joints and bones, tooth decay, nervous and
gastrointestinal disorders, pain in the heart and the
overall weakness [15]. Acute and chronic toxicity of
this substance are not known enough. Given high
thermodynamic, electrical and chemical stability of
indium nitride, it can be argued that its crystals may be
considered conditionally safe under normal conditions.
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Stage 5 «Usage of nanomaterialsy

The structures, based on nitrides of the third group,
have a predicted operation life of about 5 years [16, 17].
In this context, we imply retaining all electro-physical
indicators at the output level. This is followed by a slow
degradation of the structure surface. GaN/GaAs is used
as a raw material for solar cells whose operation life
is 20 years.

Stage 6 «Reclamation and wastesy

As was noted above, the original nanomaterial is
used as a raw material for products and devices, the
reclamation of which is recommended to conduct with
the "hazardous wastes" label [18, 19]. Currently, there is
a limited number of studies, devoted to the recycling of
nanomaterials, and, until sufficient data are collected,
such materials should be treated as hazardous [20].

The analysis, presented above, of quality control of
gallium arsenide at all stages of the life cycle allows
making up a control card of por-GaAs (see fig. 9)
according to the procedure, presented in table 2. To
identify the possible danger of nanoproduct, it is
necessary to evaluate its indicators from its design stage
to the reclamation stage. This approach might be
applied in the analysis of other nanomaterials, taking
into account their specific features.

Methods of measurement of parameters and
properties of nanostructures is a fixed set of operations
and regulations, compliance with which provides
obtaining measurement results with guaranteed
accuracy according to the adopted method. One may say
that the method of measurement is the technology of
measurement process. However, most methods are still
at the stage of development and do not allow providing
full control of quality and safety of nanomaterials.

Conclusions. A scheme of the life cycle of por-GaAs
was developed, which should be considered as a multi-
stage process from the preparation of source material to the
reclamation. The methods for controlling quality and safety
of porous gallium arsenide and GaN based on them were
presented. It is necessary to exercise control at every stage
of the lifecycle using appropriate techniques and methods
of research. It was found that porous gallium arsenide is
dangerous for health material.
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research «Nanostructured semiconductors for power
efficient ecologically friendly technologies that increase
power efficiency and ecological safety of the urbosystem»
(State registration number 0116U006961).
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Figure 9 — Control card of quality and ecological safety
of porous gallium arsenide
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I. T. boraanos, B. B. Bam6oub, 5I. O. CuuikoBa

NIJIBAIIEHHS EKOJIOTTYHOI BE3INEKM HAHOMATEPIAJIIB IISXOM TPOBEJIEHHS
EKOJIOT'TYHOI EKCIIEPTHU3H

VY crarTti npeacTaBieHO peKOMEHZALIl M0A0 MPOBEJICHHS €KOJIOTIUHOI eKCIepTH3H HaHONPOIYKTiB. Po3pobieHo
CXEMy JKUTTEBOTO LUKy MOPYBAaTOrO apceHijy rajiro. YJIOCKOHAJIEHO METOAMKY (OpMyBaHHS MOpPYBaTHX IIapiB
apceniny ramito. [IpoBeneHo ekcreptuszy Por-GaAs i CTPYKTypu Ha HOTO OCHOBI — HITpUAY iHAi0. BeTaHOBICHO, 1110
TIOPYBATHH apceHi raito Moxke OyTu HeOe3neuyHuM st 310poB’s. [lopyBaTuii apceHin ramito GOpMyeThCS METOJIOM
CJICKTPOXIMIYHOTO TpPABJIIEHHS y PO3YMHAX KHUCIOT. Taki METOAM CHHTE3y HAaHOCTPYKTYP CTAaHOBIISITH €KOJIOTIUHY
3arpo3y IJIsl HaBKOJIMIIHBOTO Cepe/loBUINA. PO3yMiHHS IMX 3arpo3 J03BOJIMTH ONTHUMI3yBaTh MpouecH GopMyBaHHS Ta
eKCIUTyaTallii HaHoMaTepiaiiB [ 3a0e3MeUeHAs eKOJIOTIYHOT Oe3MeKH.

KurouoBi ciioBa: exonorigna Oe3neka, HaHOMaTepianu, MOPyBaTH apCeHi TANI0, KUTTEBHN IHKIL.

H. T. boraanos, B. B. Bam6oJn, SI. A. CbluukoBa

TIIOBBILLIEHUE IKOJOTrMYECKON BE3OIIACHOCTH HAHOMATEPHAJIOB IIYTEM
MMPOBEJAEHU S IKOJOTNMYECKOM SKCHEPTU3BI

B cratbe mpeacraBieHbl pEKOMEHAANMU 1O MPOBEIEHUIO OKOJIOTMUECKOHW OKCIEPTU3bl HAHOMPOAYKTOB.
PaspaboTaHa cxema KU3HEHHOTO I[UKJIa MIOPUCTOrO apCeHUIA TaLIHs. Y COBEPIICHCTBOBaHA METOAMKA (hOPMHUPOBAHUS
MOPUCTHIX clloeB apceHuaa rauus. [IpoBenena skcrneptuza por-GaAs U CTpYKTYphl HAa €M0 OCHOBE — HUTPUJA UHUS.
YCTaHOBIIEHO, YTO MOPHUCTHIA apCEHH] TaJUTAS MOXKET OBITh OIMACHBIM JUTSL 370POBbs. [IOPUCTHIA apceHH] TauTvs
(dhopMupyeTcss METOJIOM 3JCKTPOXUMHUYECKOTO TPABJICHHUS B PACTBOPAX KHUCIOT. Takue METOMbI CHHTE3a HAHOCTPYKTYP
MIPENICTABISIOT SKOIIOTHIECKYIO YTPo3y I OKpyXaromiei cpeapl. [IoHnMaH#ue 3THX yrpo3 MO3BOJIUT ONTHMH3HPOBATH
rporiecchl GOpMUPOBAHUA U IKCIDTyaTallld HAHOMATEPUAIIOB TS 00ECTICUeHHS HKOJIOTHYECKOW O€30IacHOCTH.

KuroueBsle cjioBa: SK0JIOTHIEeCKas O€30MaCHOCTh, HAHOMATEPHABI, MOPUCTHIA apCEHU T TaJUTHS, KI3HCHHBIA IIHKIL.
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